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ABSTRACT 
 
 In recent years, flexible electronic systems have gained increasing attention from 
scientific communities because of their potential to create new classes of applications (e.g. 
information display, medical diagnostic, X-ray imagers, flexible photovoltaic, flexible 
displays, structural health monitors, and other systems) that lie outside of conventional 
wafer-based electronics.  With suitable choice of materials and design strategies, inorganic 
semiconductors can be used on mechanically compliant substrates for various electronic 
applications.  Among various approaches to realize flexible electronics, deterministic 
printing assemblies of single-crystalline semiconducting nanomembranes on plastic 
substrates appear to be quite promising because it can catch two hares at once; mechanical 
flexibility and high electronic performances.  This thesis is focused on materials and 
design strategies to realize complex integrated circuits (IC), and electro-mechanical sensors 
on mechanically flexible substrates using printed assemblies of high performance 
semiconducting nanomembranes.  Furthermore, this thesis presents unconventional 
approaches to realize an array of micro-scale InGaN LEDs for mechanically flexible and 
stretchable optoelectronic systems with in-depth studies on electrical, optical, mechanical, 
and thermal properties of the system. 
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CHAPTER 1 
 
INTRODUCTION 
 
This chapter presents an overview of my doctoral research about materials and 
design strategies for flexible electronics.  Section 1.1 introduces the motivation behind my 
doctoral research, and Section 1.2 briefly describes the overview of thesis.  
 
1.1 Research Motivation 
 
In recent years, flexible electronic systems have gained increasing attention from 
scientific communities because of their potential to create new classes of applications (e.g. 
lightweight and flexible information display, x-ray imaging, unconventional medical 
diagnostic, flexible photovoltaic, flexible displays, deformable structural health monitors, 
and other systems) that lie outside of conventional wafer-based electronics [1-9].  One of 
the most obvious choices of materials to realize flexible electronics is an organic 
semiconductor [3-7].  In the case of flexible electronic based on plastic substrates, limited 
thermal budgets associated with plastic substrates impose a significant challenge to 
researchers around the world.  For examples, conventional microelectronic processes 
require thermal budgets (e.g. thermal oxidation, impurity diffusion, and etc) far exceeding 
the thermal compliance of plastic substrates.  Organic semiconductors, among many 
different classes of semiconducting materials, are appealing choices because these materials 
can be deposited and processed at relatively low temperatures suitable for plastic substrates 
[10].  Furthermore, electronic systems that are based on organic semiconducting materials 
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are, in part, motivated by their potential to be fabricated in large-area fashion on 
lightweight/flexible platforms such as a sheet of plastic.  Organic semiconductors are 
generally flexible in nature and are believed to be well-suited as active components for the 
flexible electronics where mechanical flexibility is one of the most ciritical factors.  Due 
to properties of organic semiconductors described above, Thin-film transistor (TFT) 
fabricated using organic semiconductors has already been successfully incorporated into 
various applications, such as flexible display [11-12], electrophoertic inks [3], and RFID 
[13].  Small molecule or organic materials, however, exhibit far inferior electronic 
properties than conventional single-crystalline semiconductors, which limit their possible 
applications. 
Another approach to realize flexible electronics is the thin film inorganic 
semiconductor formed by chemical vapor deposition (CVD) [14-15].  Creating a thin film 
of semiconducting materials by deposition approach appeals to common sense, because the 
deposition thickness can be well-controlled and the process can be compliant to the thermal 
budget of some of the high thermal resistant plastic substrates, such as polyimide [15].  
Thin-film semiconducting materials (i.e. α-Si) deposited in this approach are almost always 
in an amorphous form and they exhibit electronic properties higher than organic 
semiconductors but worse than the single crystalline semiconductors.  In order to 
overcome relatively poor electronic properties of amorphous silicon (i.e. α-Si), high-power 
excimer laser can be used to recrystallize the amorphous silicon layer into polycrystalline 
silicon [15].  Although excimer laser-based recrystallization of amorphous silicon exhibits 
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dramatic improvements in electronic properties [15-17], it still needs to overcome several 
hurdles such as inconsistency across the large area to achieve suitable levels of uniformity.  
Single-crystalline inorganic semiconducting materials (e.g. silicon), on the other 
hand, have been the most dominant source material for microelectronics since the birth of 
solid-state transistor due to their superior electrical properties.  These materials, however, 
are generally much more rigid and brittle than organic semiconducting materials.  As a 
result, they haven’t been perceived as the material of choice for flexible electronics.  
Contrary to the general notion of material’s rigidity, it has been demonstrated by my 
colleagues that these materials can be flexible if they become sufficiently thin enough [18-
19].  Single-crystalline semiconducting materials can be prepared in the form of ribbons or 
plate with ultra-thin (< 1µm) profiles by selectively etching away the underlying sacrificial 
layer [18] or by utilizing the anisotropic etching characteristics of wet chemicals [20-21].  
These membranes (e.g. ribbons or plates) can then be transfer-printed onto foreign 
substrates, such as plastic, using elastomeric stamp (e.g. PDMS) as a carrier, in a 
deterministic way [22].  By step-and-repeating the transfer printing procedure in a 
systematic way, a large distributed network of high-performance single crystalline 
semiconductors can be realized on plastic substrates with a size much larger than a 
conventional wafer.  Flexible electronics formed by printed assemblies of single 
crystalline semiconductors (e.g. Si and GaAs) on plastic substrates reveal exceptionally 
high electronic properties and mechanical flexibility [23-24].  When the effective device 
mobility are compared, for example, transistors fabricated using printed nanomembranes of 
single crystalline semiconductors, which we call microstructured (µs) semiconductors, 
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exhibit high effective device mobility that is at least orders of magnitudes greater than 
organic or α-Si counterparts [23-24].  
The overall theme of my doctoral research is to propose materials and design 
strategies to construct complex electronics on plastic substrates by understanding the 
electrical behaviors of printed single-crystalline µs-semiconductors through rigorous 
characterizations.  In particular, one of the main goals to characterize electrical properties 
of thin-film transistors (TFTs) fabricated using printed assemblies of µs-Si and single-
walled carbon nanotubes, and to design/fabricate higher level integrated circuits (IC) by 
applying the knowledge learned through a series of characterizations.  The second goal for 
my doctoral research is to develop novel strategies to implement these materials to other 
unusual applications, such as flexible electro-mechanical sensors and flexible/stretchable 
optoelectronics. 
 
1.2 Overview of Thesis 
 
This thesis is organized into four main sections: designing strategies to develop 
integrated circuits on flexible substrates with use of printed µs-Si and single-walled carbon 
nanotubes through a series of characterizations, modeling, and electrical simulation (Chap. 
2), materials and fabrication strategies to improve electrical properties of µs-Si TFTs and 
logic gates (Chap. 3), developing flexible electro-mechanical sensors (e.g. strain sensors) 
using µs-Si membranes (Chap. 4), and demonstrating unusual strategies for using InGaN 
grown on Si (111) for flexible/stretchable optoelectronic systems (Chap. 5). 
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 In Chapter 2, several integrated circuits based on µs-Si (i.e. NMOS- and CMOS- 
inverters, ring oscillators, and a differential amplifier) and single-walled carbon 
nanotube (SWNT) (i.e. logic gate and 3-8 decoder) formed on thin plastic 
substrates, are realized through rigorous electrical characterizations, modelings, 
and simulations. 
 In Chapter 3, unusual combination of self-assembled nanodielectric material and 
µs-Si is demonstrated by fabricating TFTs and logic gates. It is demonstrated that 
electrical properties of the system exhibits exceptional electronic properties.  
Furthermore, a novel fabrication strategies to develop releasable full-formed µs-Si 
TFTs and logic gates that incorporate thermally grown SiO2 as a gate dielectric 
material is proposed and demonstrated. 
 In Chapter 4, Piezoresistive properties of µs-Si nanomembranes are discussed.  
The electro-mechanical system (i.e. an array of strain sensing system) is developed 
using the piezoresistive properties of µs-Si nanomembranes and its electrical and 
mechanical properties are characterized to reveal exceptional properties associated 
with the system. 
 In Chapter 5, Flexible and stretchable solid-state lighting systems are developed by 
exploiting the unusual use of InGaN-based µ-ILEDs on Si (111) substrate.  
Electrical, optical, mechanical, and thermal properties of the system are studied 
through various characterizations and simulations. 
 In Chapter 6, all of doctoral research works presented in Chapter 2 to Chapter 5 are 
summarized and give some perspective about the future developments. 
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CHAPTER 2 
 
STRATEGIES TO DESIGNING INTEGRATED CIRCUITS ON FLEXIBLE 
SUBSTRATES WITH USE OF PRINTED MICROSTRUCTURED-SILICON AND 
CARBON NANOTUBES 
 
 This chapter presents designing strategies to realize integrated circuits on flexible 
substrate with use of printed µs-Si and single-walled carbon nanotubes (SWNT).  Sections 
2.1 presents introduction to this chapter and Section 2.2 describes the procedures of 
fabricating µs-Si and single-walled carbon nanotubes (SWNT) TFTs.  Section 2.3 presents 
in-depth electrical characterizations, modelings, and simulation results along with design 
strategies for higher level digital and analog integrated circuits.  Significant components 
of this chapter were published as J. –H. Ahn, H. –S. Kim , E. Menard , K. J. Lee, Z. Zhu, D. 
–H. Kim, R. G. Nuzzo and J. A. Rogers, “Bendable Integrated Circuits on Plastic 
Substrates by Use of Printed Ribbons of Single Crystal Silicon,” Appl. Phys. Lett., 2007, 90, 
213501, D. –H. Kim, J. –H. Ahn, H. –S. Kim, K. J. Lee, T. –H. Kim, C. –J. Yu, R. G. 
Nuzzo, and J. A. Rogers, “Complementary Logic Gates and Ring Oscillators on Plastic 
Substrates by Use of Printed Ribbons of Single-Crystalline Silicon,” IEEE Electron Dev. 
Lett., 2008, 29, 1, 73, and Q. Cao, H. –S. Kim, N. Pimparkar, J. P. Kulkarni, C. Wang, M. 
Shim, K. Roy, M. A. Alam, and J. A. Rogers, “Medium-scale Carbon Nanotube Thin-Film 
Integrated Circuits on Flexible Plastic Substrates,” Nature, 2008, 454, 495. 
 
2.1 Introduction 
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Large area, mechanically flexible electronics could enable new classes of devices 
for information display, medical diagnostics, X-ray imagers and other systems.  Such 
applications require high performance, robust technologies for the circuits.  A variety of 
semiconductor materials have been explored [1], ranging from amorphous silicon (α-Si), to 
polycrystalline silicon and other inorganic semiconductors, to small molecule organics and 
polymers, and to carbon nanotubes [2-8].  An alternative approach uses ribbons, wires, 
platelets and other structural forms of single crystalline inorganic semiconductors [9-10].  
We and others have recently demonstrated this strategy by building high performance n-
channel metal-oxide semiconductor field effect transistor (NMOSFET) that use single-
crystalline silicon ribbons as membranes with sub-micron thicknesses, which we refer to as 
microstructured silicon (µs-Si) [11-12].  This chapter presents circuits that incorporate 
multiple transistors of this type, including n-channel metal-oxide semiconductor (NMOS) 
and complementary metal-oxide semiconductor (CMOS) inverters and logic gates, 3-stage 
(CMOS) and 5-stage (NMOS) ring oscillators, differential amplifiers, and patterned 
SWNT-based digital integrated circuit (IC) all on thin and flexible plastic sheets.  Studies 
of the changes in electrical properties caused by mechanical bending reveal variations that, 
although small on an individual device basis, can be significant for operation of the circuits.  
These results could represent important considerations for the design of flexible electronic 
systems.  As mentioned in the previous chapter, microstructured (µs) semiconductors 
retain their high performance characteristics even after being transfer-printed onto plastic 
substrates.  It can be verified in electrical characteristics of devices fabricated using these 
microstructured semiconductors.   
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2.2 Experiment 
 
The fabrication of devices presented here began with formation of contact doped 
regions in the top layer of a silicon-on-insulator (SOI) wafer using spin-on-dopant (P509 
and B219 from Filmtronics for phosphorous and boron diffusion, respectively).  
Photolithographically patterned and etched layer of SiO2 serves as a diffusion barrier layer 
to selectively dope the top layer of a silicon-on-insulator (SOI).  For the phosphorous 
diffusion process, spin-on-dopant (i.e. P509) is applied to a silicon-on-insulator wafer via 
spin-casting at 4000rpm for 30 seconds.  After spin-coating the spin-on-dopant layer on 
the wafer, residual solvents in the film can be evaporated by baking at 110 oC for 5 minutes.  
Impurity diffusion process occurs at the temperature regimes that are incompatible with 
plastic substrates.  Hence the dopant diffusion process must be carried out on wafer prior 
to the transfer-printing process [11].  For cost sensitive applications, related approaches 
that require commodity bulk wafers can be used [13].  In order to create source and drain 
regions on NMOSFET, phosphorous is diffused into the p-type silicon-on-insulator wafer 
(SOI; Soitec unibond with a 290 nm thick top Si layer with a 400 nm thick buried oxide).  
For PMOSFET, boron is diffused into the n-type silicon-on-insulator wafer (SOI) with a 
260nm-thick top Si layer and a 1000nm-thick buried oxide.  Phosphorous diffusion 
process is carried out at 950oC for 10 seconds whereas the boron diffusion process is 
carried at 1050oC for 30 seconds in the rapid thermal annealing (RTA) furnace. 
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Once the source and drain regions are defined by dopant diffusion process, µS-Si 
membranes are defined by photolithography and dry-etching.  After SF6-based dry etching 
and isotropic HF etching of the buried oxide layer, free-standing µS-Si membranes are 
formed.  Transfer-printing technique delivers these µS-Si membranes in an organized 
fashion to plastic substrates consisting of polyimide (PI) sheets (25 µm) coated with thin 
adhesive layers (~1.0 µm) of liquid PI precursor (polyamic acid, Sigma-Aldrich Inc) [11].  
A layer of SiO2 is formed by plasma-enhanced chemical vapor deposition (PECVD) which 
serves as the gate dielectric.  Etching through these layers and then defining metal patterns 
(Cr/Au, 5/100 nm) by photolithography and liftoff process create the source, drain, and gate 
electrodes for the transistors as well as the device interconnects to form circuits.  For more 
complex circuitries that cannot be accommodated by a single metallization layer, photo-
definable polymers (e.g. SU-8 from Microchem) is used as an inter-layer dielectric (ILD) 
with additional interconnect metallization layer on top.  Vias connecting different 
metallization layers are formed photolithographically on photo-definable polymer.  
 
2.3 Results and Discussion 
 
2.3.1. DC characterization of µs-Si TFT 
 
Previously, it has been demonstrated that high performance TFT can be fabricated 
using single crystalline µs-Si membranes [10].  In this fabrication process, an epoxy-based 
SU8 has been used as an adhesive layer for transfer-printing process, which provides 
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excellent chemical resistance and high optical transparency.  However, SU8 is a photo-
patternable resist, which contains a group of photochemical acid generator (PAG).  This 
photochemical acid generator produces photo-acid (i.e. lewis acid) upon exposure to 
ultraviolet (UV) light and polymerized upon thermal curing in the presence of acid as 
illustrated in Fig. 2.1 A.  In the top-gated field-effect transistor (FET) geometry, the 
current path between the source and drain on the interface between gate dielectric (i.e. SiO2) 
and µs-Si membrane can be effectively modulated by the field applied by the gate electrode.  
Hence, the transistor can be turned on and off by the applied gate voltage operating as an 
electrical switch.  The bottom interface between µs-Si membrane and adhesive layer (i.e. 
SU8), however, cannot be fully controlled by the voltage applied to the gate electrode.  
Hence, generated photo-acids in SU8 resin can induce a small but non-negligible leakage 
current-path between the source and drain through the interface between µs-Si membrane 
and SU8.  As illustrated in Fig. 2.2 A, a current leakage between the source and drain, 
which is not modulated by the gate voltage, is evident and is in order of µA.  As a result, 
the ratio between the on current and off current (i.e. on/off ratio) is <103 with the 
subthreshold swing ~1.4 V/decade.  These values are not terribly bad, but certainly 
insufficient to create high performance integrated circuits.  In order to suppress the 
leakage current path between the source and drain, a different adhesive layer has been 
investigated.  Among many polymers, polyamic acid satisfies several important 
requirements.  Upon thermal curing, polyamic acid exhibit excellent chemical resistance 
as well as exceptional thermal stability.  Furthermore, electronic-grade polyamic acid 
contains minimal impurities which suppress the induction of the leakage current path 
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between the source and drain.  As a result, dramatic improvements in on/off ratio and 
subthreshold swing are yielded as shown in Fig. 2.2 B.  For example, on/off ratio and 
subthreshold swing have improved from 103 to 106 and from 1.4V/decade to 
250mV/decade, respectively. 
Electrical characteristics of thin-film transistor (TFT) fabricated using these printed 
µs-Si membranes with polyamic acid as an adhesive layer are shown in Fig. 2.2 B, C, and 
D.  Particularly, transfer characteristics (IDS vs. VGS) in log scale, linear scale, and output 
characteristic (IDS vs. VDS) are shown in Fig. 2.2 B, C, and D, respectively.  As illustrated 
in Fig. 2.2 B, TFT fabricated using printed µs-Si membranes exhibits on/off ratio greater 
than 106.  More importantly, it only takes a few volts to switch TFT from off-state to on-
state with transistor mobility, computed in the usual way [14], greater than 500cm2/Vs, 
which is, at least, one or two orders of magnitude greater than those of organic 
semiconductor-based TFT and comparable to wafer-based silicon transistor commonly 
found in microelectronics.  The maximum gate-swing hysteresis, for the voltage ranges 
used here, is ~ 0.5 V, likely caused by some amount of charge trapped in the SiO2 and/or by 
defects associated with oxygen deficiencies at the interface between Si and SiO2 [15].  
Large on/off ratio and transistor mobility associated with µs-Si TFT make it a logical 
choice for the digital integrated circuit (IC) and high speed radio frequency (RF) amplifier, 
respectively. Furthermore, devices of this type can operate at high frequencies regimes due 
to its high transistor mobility and transconductance. 
 
2.3.2. RF characterization of µs-Si TFT 
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First, radio frequency (RF) characteristics of µs-Si TFT is investigated using the 
measurement setup depicted in Fig. 2.3 A.  As illustrated in Fig. 2.3 A, it requires Vector 
Network Analyzer (VNA) to extract S-parameters of µs-Si TFT, 150µm-pitch GSG-type 
RF probe tip to make an electrical contact to µs-Si TFT, DC power source to bias the µs-Si 
TFT to certain operating bias points, and Bias TEE to isolate DC signal and RF signal from 
each other.  In the two-port network, two pairs of terminals are connected together by the 
electrical network as shown in Fig. 2.3 B where 4 variables V1, V2, I1, and I2 are defined as 
input voltage, output voltage, input current, and output current, respectively.  These two 
terminals are a port if the same current enter and leave a port.  There are several sets of 
parameters that describe the two-port network (i.e. z, y, h, g, and ABCD).  These 
parameters are usually expressed in the matrix notation with the relations between 4 
variables.  Among these parameters, hybrid parameter (or h-paramter) is often selected 
when a current amplifier is concerned because h21 is defined as the small-signal current 
gain between the output current and the input current.  H-parameters (i.e. h11, h12, h21, and 
h22) are defined using 4 two-port network variables as below. 
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A useful figure of merit for transistor’s RF characteristic is the unity current-gain 
frequency (fT).  The fT of a two-port is defined as the frequency where the magnitude of 
h21 is unity.  In other words, µs-Si TFT can operate as a current amplifier in the frequency 
regime below fT, and fT equates to the maximum frequency which a transistor can operate 
as a current amplifier.  As it is stated from equation (2.1) to (2.4), h-parameters are 
defined rather simply by open circuit (I1=0 or I2=0) or short circuit (V1=0 or V2=0) 
conditions.  S-parameters, which are what VNA extracts, are differ from h-parameters or 
other parameters in a sense that s-parameter don’t use open or short circuit conditions to 
characterize the network, which makes it easier and more precise to use at high frequency.  
H-parameters can easily be converted from s-parameters.  In particular, h21 is defined 
using s-parameters as equation (2.5) below. 
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As illustrated in Fig. 2.4 A, 100 x 100 µm2 contact pads are arranged in Ground-
Signal-Ground (GSG) design with 150 µm pitch.  In the 2-port s-parameter measurement, 
the signal line from the port 1 (input) goes to the gate electrode whereas the signal line 
from the port 2 (output) goes to the drain electrode.  Ground lines on the both sides of the 
signal line are connected between the port 1 and 2 to create a common reference point.  In 
order to extract the s-parameter of µs-Si TFT, the measurement setup must be calibrated to 
eliminate the parasitic components associated with the measurement setup.  For the 
calibration, a standard Short-Open-Load-Thru (SOLT) calibration technique is incorporated 
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in the measurement.  SOLT calibration extracts s-parameters on 4 conditions (short, open, 
thru, and load with 50Ω resistor) and subtract these parameters from subsequent device 
measurements.  By carrying out the calibration process, parasitic components (inductance, 
capacitance, and resistance) associated with the probe tip, connectors, and cables are 
eliminated from the subsequent device measurement.  Thus, the true s-parameters 
associated only with the device are extracted.  In “Short” calibration, signal line is 
electrically shorted to the ground lines for both port 1 and 2.  In “Load” calibration, signal 
line is connected to the ground lines through 50Ω resistor built-in to the calibration kit.  In 
“Thru” calibration, GSG lines from port 1 are electrically shorted to the GSG lines from 
port 2.  Lastly, in “Open” calibration, signal line and ground lines are electrically isolated 
from each other for both port 1 and 2.  Further “de-embedding” calibration can be 
performed in order to eliminate parasitic components associated with metal pads.  De-
embedding process can be performed by creating SOT (Short-Open-Thru) calibration 
platform with the same geometry and dimensions as the electrode design on the device and 
subtracting it from the subsequent device measurement. 
Experimental plot of h21 obtained from µs-Si TFT with the gate length of 5µm with 
the channel length of 2µm and the channel width of 180µm is shown in Fig. 2.4 A.  The 
gate voltage, VGS, is biased at 2V while the drain voltage, VDS, is biased at 1V.  It is 
experimentally found that the highest fT is found at this bias condition.  The unity current 
gain frequency, fT, depends on the bias conditions which will be discussed shortly in this 
section.  The highest unity current gain, fT, is found to be approximately about 568MHz.  
The value improves slightly with de-embedding from 568MHz to 579MHz which removes 
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the parasitic components associated with electrodes [16].  Variations in fT with respect to 
the gate voltage and the drain current are shown in Fig. 2.5 A and B, respectively.  The 
unity current gain frequency initially increases proportionally to the gate voltage at low bias 
but saturates at high gate bias.  This can be explained by the degradation of 
transconductance at high gate bias. 
Transconductance, gm, is simply the derivative of transfer curve depicted in Fig. 
2.2 C. 
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As the gate voltage increases, the drain current increases logarithmically in the 
subthreshold regime and increases linearly the regime above the threshold voltage.  
Ideally, a transistor should be completely turned off prohibiting the current flow below the 
threshold voltage.  In reality, however, the Boltzmann distribution of electron energies 
allows some of the more energetic electrons at the source to go into the channel and flow to 
the drain which results in a subthreshold current.  Hence it is an exponential function of 
VGS in the subthreshold regime.  In the regime slightly above the threshold voltage, the 
drain current exhibits a linear relationship with the applied gate bias.  At high gate bias 
regime, however, the linear relationship between the drain current and the gate bias 
gradually degrades due to the decrease of mobility with increasing normal field.  Hence 
the transconductance significantly degrades at the high gate biases. 
The unity current gain frequency, fT, can be expressed as a function of 
transconductance and the gate capacitance as represented in the equation (2.7) below.  
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This equation is rather greatly simplified under various assumptions, but effectively shows 
how the transconductance, gm, is related to the unity current gain frequency, fT. 
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where GDGSG CCC += .   
More precise expression of fT, which is stated in the equation (2.8) below, is far more 
complex than the equation (2.7).  It includes various parasitic and less-significant 
physical components, such as resistances, capacitances, and inductances associated with 
drain, source, and gate electrodes. 
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Subscript GS, GD, DS, and GP represent Gate-Source, Gate-Drain, Drain-Source, and 
Gate Parasitic, respectively.  Equation (2.8) can be simplified to equation (2.7) under 
several assumptions (i.e. 0=GPC , ∞=DSR , 0=DR , and 0=SR ). 
As stated in the equation (2.7) and (2.8), the unity current gain frequency has a 
linear relationship with the transconductance.  Hence fT increases more or less linearly 
at low gate bias, but saturates at moderately high gate bias.  The unity current gain 
frequency eventually degrades at even higher gate bias as the transconductance degrades.  
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As depicted in Fig. 2.5 A and B, the maximum unity current gain frequency can be 
obtained at the gate bias of 2V with the drain bias of 1V and the drain current of 4mA. 
 The unity current gain frequency, fT, is a strong function of the channel length and 
the gate overlap length as depicted in Fig. 2.5 C.  Theoretically, the drain current at the 
saturation regime can be expressed as the equation (2.9). 
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where Nµ is the effective carrier (i.e. electron) mobility, OXC is the gate oxide capacitance 
across the channel region, W is the channel width, L is the channel length, and λ is the 
channel-length modulation parameter.  Transconductance, which is stated in the equation 
(2.6), can be derived from the equation (2.9).  Thus, it can be seen from the equation (2.10) 
that the transconductance, gm, is proportional to the channel width (i.e. W) and inversely 
proportional to the channel length (i.e. LC). 
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 The unity current gain frequency, however, is not dependent on the channel width 
because the gate capacitance, CG, is also proportional to the channel width as shown in the 
equation (2.11).  
)2
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where LO is the gate overlap length. 
 Based on the equation (2.7), the unity current gate frequency, fT, is inversely 
proportional to CL
2
.  As illustrated from Fig. 2.5 C, the unity current gain frequency, fT, 
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increases as the channel length shrinks, which suggests that fT can be increased 
significantly by reducing the channel length and the gate overlap distance with more 
sophisticated photolithographic tools. 
 
2.3.3. Enhancement-load NMOS inverter using µs-Si TFTs 
 
 As mentioned earlier, high on/off ratio (>106) and low subthreshold swing (< 
250mV/decade) associated with µs-Si TFT makes it an ideal choice for the digital 
integrated circuit (IC).  The basic building block to realize higher level digital IC is an 
inverter, which consists of two transistors.  Two types of inverter (i.e. enhancement-
loaded NMOS inverter and CMOS inverter) fabricated using µs-Si TFTs are investigated in 
this section.   
First, the enhancement-load inverter using two NMOS µs-Si TFTs is discussed.  
Circuit schematic and corresponding optical image of an enhancement-loaded NMOS 
inverter consisting of two NMOS transistors is shown in Fig. 2.6 A and B, respectively.  
As it can be seen from the circuit schematic, the gate electrode of the load transistor is 
connected to the drain electrode.  In this condition, VGS = VDD > VTH, which suggests that 
the load transistor is biased at the saturation regime and operates as a current source.  This 
approach of using a transistor as a current source is more practical than the resistor-loaded 
NMOS inverter because the NMOS load transistor can be fabricated in a dimension far 
smaller than the resistor.  The slope of the Voltage Transfer Characteristic (VTC) curve 
(i.e. a plot of VOUT vs. VIN) is known as the inverter gain (
IN
OUT
V
VA
∆
∆
−= ).  The inverter 
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gain in the enhancement-loaded NMOS inverter is a strong function of width-to-length ratio 
of the driving and load transistors.  The degree to how much width-to-length ratio of the 
driving and load transistors affects the voltage transfer characteristic (VTC) of an inverter 
can be seen from the results of electrical simulation (i.e. PSPICE).  In this simulation, the 
current-voltage (I-V) characteristic of a NMOS transistor is modeled using semi-empirical 
level 3 parameters.  PSPICE simulation of width-to-length ratio of the driving and load 
transistors is plotted in Fig. 2.6 C with 
Load
Driving
W
W
 of 12 (red), 9 (green), 6.67 (blue), and 5 
(cyan).  As the width-to-length ratio between the driving and load transistors increases, the 
inverter gain increases because of increase in the effective resistance of the load transistor. 
In the experiment, width-to-length ratio between the driving and load transistors is 
controlled by varying the channel widths (i.e. 180µm and 15µm for driving and load 
transistors, respectively.) while keeping the channel length the constant (i.e. 5µm).  
Hypothetically, width-to-length ratio between the driving transistor and the load transistor 
can further be increased to boost the inverter gain.  The gain, however, is not the only 
criterion of an inverter.  If the inverter drives another circuit (e.g. a ring oscillator), an 
increase of the load resistance coupled with the input capacitance will increase the 
propagation delay of the inverter [17].  Increasing the width of the driving transistor leads 
to a higher inverter gain, but the input capacitance of an inverter also increases, which 
degrades the dynamic response of the inverter.  The channel widths and the channel 
lengths of the driving transistor and the load transistor are chosen to produce a high enough 
inverter gain to create two stable operation points when inverters are cross-coupled (e.g. 
ring oscillator) with the consideration of the processing capability of the facility.  The 
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voltage transfer characteristic (VTC), which is plotted in Fig. 2.6 D, exhibits the inverter 
gain of 3.5 and agrees well with the PSPICE simulation results as depicted in the inset.   
 
2.3.4. Enhancement-load NMOS inverter-based ring oscillator and differential 
amplifier using µs-Si TFTs 
 
One simple application of an inverter is a ring oscillator.  A ring oscillator 
consists of an odd number of inverters connected in series as shown in Fig. 2.7 A.  The 
output of the last inverter is fed back into the input of the first inverter.  Since the output 
of a single inverter produce logical NOT of the input, the last output of a ring oscillator is 
the logical NOT of the first input of the ring oscillator.  As the output from the last 
inverter in a ring oscillator gets fed into the first input, the output voltages are temporarily 
balanced to the meta-stable operation point.  However, as small amount of noise is 
introduced to the chain of inverters, the voltage output deviates from the meta-stable point 
[17].  As the signal pass through the chain of inverters, deviation amplifies by the inverter 
gain and eventually reaches the stable operation points.  A ring oscillator is an effective 
application of an inverter because the propagation delay of an inverter can be extracted 
from the operating frequency of a ring oscillator.  The overall ring oscillator frequency is a 
function of inverter’s propagation delay as stated in the equation (2.12). 
ptn
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      (2.12) 
where n is the number of inverters in the ring oscillator and tp is the propagation delay of an 
inverter.   
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By measuring the oscillation frequency of the n-stage ring oscillator, the effective 
propagation delay of an inverter can be extracted.  Figure 2.7 A and B provide an circuit 
diagram of a ring oscillator consisting of 5 enhancement-loaded NMOS inverters fabricated 
using µs-Si NMOS TFTs and a corresponding optical image of the ring oscillator on a 
polyimide substrate, respectively.  The channel length, LC, and the overlap length, LO, of 
transistors used in the ring oscillator are 4 and 2.5 µm, respectively.  The channel widths 
of driving and load transistors are 180µm and 20µm, respectively.  Figure 2.7 C shows the 
measured waveform of the ring oscillator at a supply voltage, VDD, of 4V.  This response 
shows a frequency of 8.2 MHz which corresponds to inverter’s propagation delay of 12 ns. 
The operating voltages are much lower than the 20-45 V and 10-15V reported for 
ring oscillators fabricated using organic transistors and polycrystalline Si on flexible 
substrates, respectively [3,5,6] as well as the 43 V value reported for systems that use 
nanowire transistors on rigid glass substrates, which suggests advantages for low power 
applications on plastics [18].  Additional improvements in device design such as reduction 
of contact overlap and channel length can lead to significantly higher oscillation frequency. 
 Another interesting integrated circuit (IC) application is the differential amplifier, 
which is one of the most fundamental building blocks for various analog integrated circuits 
(IC) [19].  Circuit schematic and the corresponding optical image of the differential 
amplifier are shown in Fig. 2.8 A and B.  A differential amplifier consists of four different 
components including a current source, a current mirror, a differential pair, and a load.  A 
current source component consists of three enhancement-loaded NMOS inverters 
connected in series.  A current mirror in the differential amplifier, which is shown in Fig. 
24 
 
2.8 A, copies a current through the transistor M5 by controlling the current in M4.  A 
current mirror is an essential component connecting a current source and a differential pair 
because it keeps the output current constant regardless of loading on the subsequent 
circuitries (i.e. a differential pair and active loads in the case of a differential amplifier 
shown in Fig. 2.8 A) [19].  A current mirror component consists of two NMOS transistors 
(i.e. M4 and M5) facing each other while sharing the same gate bias and common negative 
supply, VSS.  One notable feature of the current mirror circuit is that the gate node of the 
transistor M4 is connected to its drain node.  In this configuration, VGS, M4 = VDS, M4 
condition holds true. The drain current, ID, of the transistor M4 can be expressed as the 
equation (2.13) below. 
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The drain current in M4 is set by the output current from the current source above and 
implicitly determines VGS of M4.  Since the gate nodes of M4 and M5 are connected to 
each other, VGS, M4=VGS, M5 condition is satisfied and the drain current of M5 is copied.  A 
differential pair and active loads are essentially two enhancement-loaded NMOS inverter 
connected in parallel, which splits the incoming current supplied through a current mirror. 
This particular type of a differential amplifier is designed to be coupled with an 
array of strain sensor which is described in Chapter 4.  A unit cell of strain sensor array, 
which will be described in more detail later in Chapter 4, consists of piezoresistive µs-Si 
membranes in the form Wheatstone bridge configuration.  Two output voltages of 
Wheatstone bridge vary in opposite direction upon applied strain.  These two output 
voltages are fed into two input nodes of the differential pair (i.e. M6 and M7), then get 
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amplified.  As shown in the inset plot of Fig. 2.8 C, the input impedance of the differential 
amplifier is greater than 500MΩ.  It is critical for this type of differential amplifier to have 
high input impedance in order to minimize the alternation of input voltage signals (i.e. 
output voltages from Wheatstone bridge).  Figure 2.8 C and D show the dynamic response 
of the differential amplifier.  From the plot, it can be found the -3dB frequency, f
-3dB, is 
approximately 170 kHz. Figure 2.8 D shows the time variation of the input signal with 
amplitude of 500 mVPP and the corresponding output signal.  Compared to the frequency 
responses described in the previous section, the differential amplifier operates at 
considerably lower frequency regime.  It can be attributed to the transistor’s dimensions 
used in the differential amplifier.  As it is shown in Fig. 2.8 A, the channel length of the 
transistors used in the differential amplifier is about 40µm, which is considerably larger 
than the channel length (i.e. 2µm) of the transistor used for the RF characterization in the 
previous section.  The differential amplifier is designed with relatively large feature sizes 
because the refresh rate of the read-out electronics is merely a few hundreds of Hz.  
Operating frequency of a few hundred of kHz is already orders of magnitude greater than 
the refresh rate of the read-out electronics which is more than sufficient.  Furthermore, the 
design rule of tens of microns allows ink-jet printed transparency film to be used as a photo 
mask which is far more cost-effective and more suitable for large-area photolithography 
than the conventional soda-lime or quartz photo masks, which are often expensive and have 
size limitation.   
Figure 2.9 A shows an optical image of an array of 5-stage ring oscillator on 
polyimide substrate.  Inset provides magnified image of 5-stage ring oscillator.  Optical 
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images of an array of differential amplifiers on polyimide substrate are also shown in Fig. 
2.9 B and the magnified image of a single unit of differential amplifier is provided in the 
inset.  Optical image of differential amplifier on polyimide substrate wrapped around a 
cylinder is shown in Fig. 2.9 C. 
 
2.3.5. Circuit characterizations upon exertion of bending-induced strain 
 
In order to characterize the electrical response of circuit upon exertion of bending-
induced strain, the operating frequency of the fully fabricated circuit (i.e. ring oscillator) is 
measured in bent states.  As shown in Fig. 2.10 A, the specimen is placed on the stage 
which bends the specimen by moving one part of the stage in a controlled manner.  The 
exerted strain is approximately by 
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where fh , sh , R , η , and χ denote the film thickness, the substrate thickness, the 
bending radius, 
s
f
h
h
, and the ratio of Young’s modulus of the film and the substrate (
s
f
Y
Y ), 
respectively [20]. 
Figure 2.10 B shows some results that indicate frequencies of 8.1 MHz in the 
unbent state, 8.5 MHz at 0.23% tensile strain and 7.3 MHz at 0.23% compressive strain.  
The change in frequencies with strain might result from slight strain induced changes in the 
mobility of the silicon in combination with other variations in different parts of the devices.  
The results, then, indicate that although the devices can operate at reasonable high levels of 
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bending induced strain, subtle variations in device properties can lead to changes in circuit 
operation, in this case at the ~10-20% level for the oscillation frequency.  For circuits that 
must operate in conditions that involve bending, these variations should be included in the 
design process.  
In some cases, the circuits do not have to operate under constant bending, but 
rather they must be bendable for installation.  An example is a structural health monitor, in 
which the flexible circuit is wrapped around a rigid structure where it remains for 
monitoring purposes.  In this case, it is important to know how much of degradation 
occurs after the large number of bending cycles.  Figure 2.10 C shows the output voltage 
of the differential amplifier with respect to the bending cycles ranging from 200 cycles to 
5000 cycles while the inset provides the time domain response of the differential amplifier 
at various bending cycles.  As it is illustrated in Fig 2.10 C, negligible change in the 
output characteristic of flexible circuits is shown. 
 
2.3.6. CMOS inverter using n-type and p-type µs-Si TFTs 
 
 Although enhancement-loaded NMOS inverter exhibits a decent voltage transfer 
characteristic, it is CMOS inverter that prevails in digital integrated circuit (IC) due to its 
superior performance compared to other kinds of inverter [17].  The load transistor in the 
enhancement-loaded NMOS inverter is always turned on and the output voltage never 
pulled down to 0 in the operating voltage range as shown in Fig 2.6 D.  In other words, the 
enhancement-loaded NMOS inverter constantly draws power even at idle.  On the other 
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hands, CMOS inverter dissipates near zero power when it is at idle, which makes it more 
power efficient than other types of inverter [21].  CMOS inverter consists of one NMOS 
transistor and one PMOS transistor connected in series, and the gate electrodes of NMOS 
and PMOS transistors share the same input node as depicted the circuit diagram in Fig. 2.11 
A.  Thus, NMOS and PMOS transistors are never simultaneously on, which dramatically 
improves the voltage transfer characteristic (VTC) with the voltage swing equaling the 
supply voltage as depicted in Fig. 2.11 D.  Furthermore, the size of the inverter can be 
minimized because logic levels or VTC are not dependent upon the relative device sizes 
[21].  In order to properly design the CMOS inverter, the output current of NMOS 
transistor must match that of PMOS transistor.  The Lc and Lo of both µs-Si PMOS and 
NMOS transistor that compose of CMOS inverter are 12 µm and 10 µm, respectively and 
channel widths of two devices are 300 µm and 100 µm in order to compensate for the 
difference in transistor mobilities.  The current – voltage (i.e. IDS vs. VDS) characteristics 
of µs-Si NMOS and PMOS transistors are plotted (red) in Fig. 2.11 B and C, respectively 
and the semi-empirical PSPICE simulation results (blue) are plotted along with the 
measured results.  With a supply voltage of 5V, this CMOS inverter exhibits good transfer 
characteristics with gains of ~100 and the high noise margin (NMH) around 2.96 V and low 
noise margin (NML) around 1.63 V as shown in Fig. 2.11 D [21].   
 Realization of ring oscillator using CMOS inverter is considerably less demanding 
than using active-load NMOS inverter because of exceptionally high inverter gain (i.e. 
~100) associated with CMOS inverter.  When CMOS inverters are cascaded in series to 
form bi-stable circuit (e.g. ring oscillator), high inverter gain allows two distinctive stable 
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operation points clearly separated from each other, which results in high output VPP (peak-
to-peak voltage) of the ring oscillator.  As mentioned in the section 2.3.4, a ring oscillator 
consists of an odd number of inverters.  Here, 3-stage ring oscillator using CMOS inverter 
is demonstrated.  Figure 2.12 A shows the optical image of fully fabricated ring oscillator 
on polyimide substrate wrapped around a cylinder.  The output characteristic of a CMOS-
based ring oscillator exhibit VPP ~ 6V when VDD = 10V is applied the circuit.  Furthermore, 
the oscillation frequency increases linearly until VDD ~ 10V where it saturates to the 
maximum value.  The saturation can be attributed to the thermal degradation [22, 23] 
associated with high power dissipating components (i.e. ring oscillator; P ~ 30W/cm2 at 
VDD=10V) on thermally insulating substrate (i.e. polyimide; thermal conductivity ~ 
0.5W/mK).  Similar to the enhancement-load NMOS inverter-based ring oscillator, the 
oscillation frequency can be significantly increased by shrinking the channel length of the 
transistors. 
 
2.3.7. Compatibility of single-walled carbon nanotube (SWNT) TFTs to integrated 
circuits (IC). 
 
Recently developed carbon-based semiconducting nanomaterials, especially single-
walled carbon nanotubes (SWNTs), might provide an opportunity to achieve extremely 
high intrinsic mobilities, high current-carrying capacities and exceptional 
mechanical/optical characteristics, in bendable formats on plastic substrates [24].  
Although isolated SWNTs are not relevant to the applications contemplated here, recent 
work shows that sub-monolayer random networks [25–28] or aligned arrays [29-30] of 
SWNTs can serve as thin-film semiconductors which, in the best cases, inherit the 
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exceptional properties of the tubes, for example device mobilities up to 2,500 cm2/Vs, on-
state currents above several mA, and cut-off frequencies above 1 GHz for devices on 
plastic.  The network geometry is of particular interest for flexible electronics because it 
can be easily achieved by printing SWNTs from solution suspensions [31].  
Implementations of SWNT networks are demonstrated in flexible integrated circuits on 
plastic that have attractive characteristics, together with simulation tools that capture all of 
the key aspects. 
 The system layouts exploit architectures similar to those in established silicon 
integrated circuits.  A thin (50-µm) sheet of polyimide (PI) serves as the substrate.  
Random networks of SWNTs are grown by chemical vapor deposition (CVD) and 
subsequently transfer-printed onto the polyimide substrate serving as a semiconducting 
layer [29].  Source and drain electrodes of gold serve as low-resistance contacts to these 
networks.  Although roughly one-third of the SWNTs are metallic, purely metallic 
transport pathways between the source and drain electrodes can be eliminated by suitably 
engineering the average tube lengths and the network layouts: for the present purposes, soft 
lithography and reactive-ion etching are used to cut fine lines into the networks.  The 
resulting network strips are oriented along the overall direction of transport, as illustrated in 
Fig. 2.13, with widths designed to reduce the probability of metallic pathways below a 
practical level without significantly reducing the effective thin-film mobility of the network.  
Figure 2.13 A shows a scanning electron micrograph of a region of an integrated circuit just 
before deposition of the gate dielectric.  A magnified view of a part of the SWNT network 
in the channel of one of the devices (Fig. 2. 13 inset; the source and drain electrodes are to 
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the right and left, outside the field of view) reveals narrow, dark horizontal lines, 
corresponding to the etched regions.  Once 40nm of hafnium oxide is deposited by atomic 
layer deposition (ALD) and serves as the gate dielectrics.  Etching through the hafnium 
oxide layer and then defining metal patterns (Cr/Au) by photolithography and liftoff created 
the source, drain, and gate electrodes for the transistors.  By defining the random network 
of SWNTs into strips, electrical shunt-pathways are effective eliminated while retaining the 
gate modulating characteristics on semiconducting SWNTs.  Effective device mobility on 
SWNT-based TFT fabricated using strips of random network of SWNTs is as high as 80 
cm2/Vs, and subthreshold swings (S) is as low as 140mV/decade.  More importantly, the 
on/off ratio of the output current exceeds 103, which indicate that these patterned SWNT 
TFTs can be implemented in digital integrated circuit. 
 There’s one more hurdle to overcome, the threshold voltage of SWNT TFTs, in 
order to properly build a digital integrated circuits using these patterned SWNT TFTs.  
SWNT-based TFTs intrinsically exhibit depletion-mode PMOS characteristics with positive 
threshold voltages.  In order to design properly functioning inverter and maximize the 
inverter gain, the driving transistor must operate in enhancement mode (i.e. a negative 
threshold voltage for PMOS).  There’s simple approach to converter SWNT-based TFT 
from depletion-mode to enhancement-mode, which is based on the fact that the threshold 
voltage (VT) can be controlled by using gate metals with different work functions, because 
the high-capacitance gate dielectrics reduce the relative contribution of voltage across the 
dielectric to VT [32].  For example, replacing gold with aluminum as the gate electrodes 
shifts VT by ~ -0.8V, thereby changing the device operation from depletion mode to 
enhancement mode.  Clear shift in the threshold voltage is evident in the transfer 
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characteristic (i.e. the drain current vs. the gate voltage) of patterned SWNT TFTs as 
illustrated in Fig. 2.15 C. 
 
2.3.8. Modeling strategies for patterned single-walled carbon nanotube (SWNT) 
TFTs. 
 
For use in integrated circuits, the yields and performance uniformity of the 
transistors are critically important.  We examined these aspects through measurements on 
more than 100 devices as shown in Fig. 2.14.  The results show standard deviations of 20% 
for the normalized on-state current (Ion) and ~0.05V for VT.  These patterned SWNT 
TFTs exhibit some degree of ambipolar characteristic as shown in the plot of the drain 
current as a function of the gate voltage in Fig. 2.15 B.  When implementing the digital 
integrated circuit using patterned SWNT TFTs, ambipolar characteristics as shown in Fig 
2.15 B must be accounted.  In order to create the model for patterned SWNT TFTs, the 
ambipolar characteristic is accounted by creating an imaginary enhancement-mode NMOS 
connected in parallel to the depletion-mode PMOS as depicted in Fig. 2.15 A.  The 
physical explanation behind the ambipolar characteristics is the Schottky barriers at the 
source-drain contact [33].  This imaginary NMOS doesn’t provide a physical explanation 
to the ambipolar characteristic seen in SWNT-based TFTs.  Rather, it is implemented to 
capture macroscopic device behavior and to correctly represent individual TFT’s electrical 
behavior in order to design and simulate higher level integrated circuits (i.e. logic gates and 
3-8 decoder).  The results of semi-empirical simulation of patterned SWNT TFTs using 
level 3 PSPICE parameters are shown in Fig. 2.15 B and D.  Although unnecessary for the 
circuits reported here, doping techniques similar to those demonstrated in single-SWNT 
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devices can be used to suppress the ambipolar behavior and improve on/off ratio uniformity 
[34]. Such doping methods could also help to eliminate decreases in on/off ratio with 
increasing VDS. 
Figure 2.16 A shows am equivalent circuit diagram of a PMOS inverter with 
enhancement load.  The inverter exhibits well-defined static voltage transfer 
characteristics, consistent with level 3 PSPICE simulation, at a supply voltage of -5 V as 
shown in Fig. 2.16 B.  The rise in output voltage with increasing positive input voltage is 
due to the ambipolar behavior of the driving transistor.  This behavior is consistent with 
the simulation results (red), which accounts for the ambipolar characteristic already at the 
transistor level.  Maximum voltage gains of ~4, together with good noise immunity with a 
transition-region width of <0.8 V and a logic swing of >3V are achieved, indicating that the 
inverter can be used to switch subsequent logic gates without losing logic integrity.  
Measuring the frequency responses generates a Bode plot closely resembling the 
characteristics of low-pass amplifiers, with operating frequencies in the kHz range even for 
devices with long channels (LC<100 µm) and significant channel width-normalized overlap 
capacitance (~40 fF µm-1) as shown in Fig. 2.16 C.  The ability to achieve switching 
speeds in the kilohertz range with device geometries that are compatible with techniques 
such as screen printing is important for the potential use of such SWNT networks in low-
cost, printed electronics [35].  By adding another driving transistor to the inverter, either 
in series with the pull-down transistor to incorporate AND logic (Fig. 2.17 A) or in parallel 
to incorporate OR logic (Fig. 2.17 C), it is possible to construct NAND and NOR logic 
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gates, respectively.  The output characteristics and simulation results of NAND and NOR 
gates are presented in Fig. 2. 17 B and D, respectively.  
 
2.3.9. Designing 3-to-8 decoder using patterned single-walled carbon nanotube 
(SWNT) TFT as a building block. 
 
All of these experimental and computational components can be used together to 
yield SWNT-based digital circuits (Fig. 2.18 A).  The largest circuit in this chip is a four-
bit row decoder commonly known as 3-to-8 decoder, designed using modeling results and 
measured characteristics of stand-alone logic gates.  This circuit incorporates 88 
transistors, in four inverters and a NOR array, with the output of the inverter serving as one 
of the inputs for the NOR gate.  The circuit diagram (Fig. 2.18 B) is configured such that 
any given set of inputs only give one logic ‘1’ output.  The input–output characteristics of 
the decoder are shown in Fig. 2. 18 C, which demonstrates its ability to decode a binary-
encoded input of four data bits into sixteen individual data output lines, at frequencies in 
the kilohertz range. These results suggest that SWNT networks can form the basis for a 
potentially interesting and scalable alternative to conventional organic or other classes of 
semiconductors for flexible integrated circuitry applications. 
 
2.4 Conclusion 
 
In conclusion, single crystal silicon ribbons generated from wafer scale sources of 
material or CVD-grown random network of single-walled carbon nanotubes (SWNT) 
provide a high-performance printable a semiconductor and a relatively easy, printing-based 
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path to transistors and integrated circuits on flexible plastic substrates. Furthermore, 
strategies to designing various analog and digital circuits using these materials as active 
components are proposed and discussed.  Preliminary results suggest that these materials 
can be integrated into complex circuits and exhibit higher performance factors on plastic 
substrate than those achieved by other means, such as organic semiconductors. 
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2.6 Figures 
 
Figure 2.1 
 
(A) Chemical structure of SU8 molecule with epoxy groups.  A single molecule contains 8 
epoxy groups.  Photo-imaging mechanism during UV exposure and the cross linking 
reaction during post exposure bake (PEB) are depicted.  (B) Reaction scheme for 
polyamic acid upon thermal curing. 
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Figure 2.2 
 
(A) Output current (i.e. drain current) as a function of input voltage (i.e. gate voltage) at 
small drain bias (i.e. 0.1V) in a log scale for the TFT fabricated using SU8 as an adhesive 
layer.  (B) Output current (i.e. drain current) as a function of input voltage (i.e. gate 
voltage) at small drain bias (i.e. 0.1V) in a log scale for the TFT fabricated using polyamic 
acid as an adhesive layer.  (C) Output current (i.e. drain current) as a function of input 
voltage (i.e. gate voltage) at small drain bias (i.e. 0.1V) in a linear scale for the TFT 
fabricated using polyamic acid as an adhesive layer.  (D) Output current (i.e. drain current) 
as a function of output voltage (i.e. drain voltage) for the TFT fabricated using polyamic 
acid as an adhesive layer with various input voltages (i.e. gate voltage) ranging from 0V to 
2V. 
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Figure 2.3 
 
(A) Measurement setup for testing RF characteristics of µs-Si membranes-based TFT.  It 
includes GSG-type RF probe tips, Vector Network Analyzer (VNA), DC source, and Bias 
TEE to isolate DC signal and RF signal from each other.  (B) Schematic illustration of 
two-port network. 
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Figure 2.4 
 
(A) Experimental plot of H21 obtained from TFT of L=2µm and Lo=1.5µm with VGS= 2V 
and VDS=1V.  Inset provides the optical image of the TFT.  (B) Experimental plot of H21 
in the frequency range of 500MHz to 600MHz for the embedded and de-embedded 
responses.  
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Figure 2.5 
 
(A) Experimental plot of the unity current gain frequency, fT, as a function of applied gate 
biases.  (B) Experimental plot of the unity current gain frequency, fT, as a function of the 
drain current.  (C) Dependence of the unity current gain frequency, fT, on the channel 
length of TFTs. 
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Figure 2.6 
 
(A) Circuit schematic of an NMOS enhancement-loaded inverter.  (B) Optical image of an 
inverter fabricated using µs-Si TFT.  (C) PSPICE Simulation plots of inverter transfer 
curve with 
Load
Driving
W
W
 of 12 (red), 9 (green), 6.67 (blue), and 5 (cyan).  (D) Electrical 
characteristic of an inverter with VDD= 3V.  The inset provides comparison between 
measured and simulated transfer curve with 12=
Load
Driving
W
W
. 
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Figure 2.7 
 
(A) Circuit diagram of 5-stage ring oscillator.  (B) Optical microscopic image of 5-stage 
ring oscillator fabricated using µs-Si TFTs.  (C) Output characteristics measured with VDD 
= 4V. 
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Figure 2.8 
 
(A) Circuit diagram of differential amplifier.  (B) Optical microscopic image of 
differential amplifier on PI substrate.  (C) Frequency response (Bode plot) of the 
differential amplifier.  Inset provides input current leakage of differential amplifier. 
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Figure 2.9 
 
(A) Optical image of 5-stage ring oscillator on PI substrate.  Inset provides magnified 
image of 5-stage ring oscillator.  (B) Optical image of differential amplifiers on PI 
substrate.  Inset provides the magnified image of differential amplifier.  (C) Optical 
image of differential amplifier on PI substrate wrapped around a cylinder. 
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Figure 2.10 
 
(A) Optical image of flexible circuits mounted on the bending stage.  (B) Operating 
frequency of the ring oscillator at various bending-induced strain levels.  (C) Output 
voltage of a differential amplifier measured after various bending cycles with the input 
voltage of 500mVPP.  Inset provides the time-domain response of the output voltage of the 
differential amplifier after various bending cycles with the input voltage of 500mVPP. 
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Figure 2.11 
 
(A) Circuit diagram of CMOS inverter consisting of one NMOS and one PMOS.  Current 
– Voltage characteristic of (B) NMOS and (C) PMOS obtained by experiment (red) and 
simulation (blue).  (D) Transfer characteristic of CMOS inverter obtained by experiment 
(red) and simulation (blue).  The inset provides inverter gain as a function of the input 
voltage obtained by experiment (red) and simulation (blue). 
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Figure 2.12 
 
(A) Optical image of 3-stage ring oscillator fabricated using µs-Si CMOS inverter array.  
(B) Output characteristics of the ring oscillator measured with VDD = 10V.  (C) Oscillation 
frequency as a function of VDD. 
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Figure 2.13 
 
Scanning electron microscope image of part of the SWNT circuit, made before deposition 
of the gate dielectric, gate or gate-level interconnects.  The source and drain electrodes 
(gold) and the substrate (brown) are colorized to highlight the SWNT network strips (black 
and grey) that form the semiconductor.  Inset provides the magnified view of the network 
strips corresponding to a region of the device channel. 
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Figure 2.14 
 
(A) Histogram of ION (measured at VDS=-0.2V; Ion, avg, averaged on-state current).  (B) 
Histogram of normalized effective mobility (µ/µo).  (C) Histogram of subthreshold swing 
variations (S-So). 
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Figure 2.15 
 
(A) Circuit diagram of SWNT TFT model to account for the ambipolar characteristics by 
adding imaginary enhancement-mode NMOS in parallel.  (B) Measured (blue) and 
simulated (red) transfer characteristics (i.e. the drain voltage vs. gate voltage) of patterned 
SWNT TFT in log scale with the fixed drain voltage of 0.2V.  (C) Plot of 2/1DSI vs. GSV  
of a device with W of 200 µm and LC of 100 µm at the fixed drain voltage of -2V.  
Dashed lines serve as visual guide to extract threshold voltage (VT).  (D) Output current –
voltage characteristics of SWNT TFT obtained by experiment (blue closed dots) and by 
PSPICE simulation (red open dots). 
  
53 
 
 
 
Figure 2.16 
 
(A) Circuit diagram of an inverter model to account for the ambipolar characteristics of 
patterned SWNT TFT.  (B) Measured (black) and simulated (red) voltage transfer 
characteristics (VTC) of an inverter with the inverter gain plotted in blue.  (C) Frequency 
response (Bode plot) of the inverter. 
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Figure 2.17 
 
Optical microscopy images (A) NAND gate and (C) NOR gate. We adopt a negative logic 
system.  The VDD applied to these logic gates is -5V relative to Ground (GND). The logic 
“0” and “1” input signals of two terminals (VA and VB) of the NAND and NOR gates are 
driven by -5V and 0V, respectively.  The logic “0” and “1” outputs of the NAND gate are 
-1.47V and -4.31V ~ -4.68V, respectively.  The logic “0” and “1” outputs of the NOR 
gates are -0.88V ~ -1.39V and -3.85V, respectively.  In (B) and (D), any specific 
combination of input-output signals is indicated as (logic address level inputs) logic address 
level output, and the timescales on the x axes are omitted because data collection involved 
the switching of voltage setting by hand.  Dashed red represent simulation results. 
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Figure 2.18 
 
(A) Optical image of a 3-to-8 decoder.  (B) Circuit diagram of a 3-to-8 decoder with 
sixteen outputs (0-15).  The bits are designated as most significant bit (MSB), second bit 
(SB), third bit (TB) and least significant bit (LSB).  The VDD applied was -5V relative to 
Ground (GND).  (C) Characteristics of 3-to-8 decoder.  In descending order, the first 
four traces are inputs, labeled LSB, TB, SB, and MSB on the right-hand side; the remaining 
traces, labeled ‘0’ to ‘15’, show the output voltages of the sixteen outputs.  Inset provides 
the measured (blue) and PSPICE-simulated (red) dynamic response of one output line 
under a square-wave input pulse (black) at a clock frequency of 1kHz. 
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CHAPTER 3 
 
MATERIALS AND FABRICATION STRATEGIES FOR IMPROVED 
ELECTRICAL PROPERTIES OF TFTS AND LOGIC GATES FORMED BY 
PRINTED ASSEMBLIES OF MICROSTRUCTURED SILICON  
 
This chapter describes materials and fabrication strategies to improve electrical 
properties of µs-Si TFTs and logic gates by incorporating unusual gate dielectric material 
and by proposing an unusual yet novel fabrication procedure of releasable fully-formed µs-
Si MOSFETs.  Sections 3.1 presents introduction to this chapter and Section 3.2 describes 
the fabrication procedures.  More precisely, Section 3.2.1 and Section 3.2.2 describe the 
fabrication procedures of integrating self-assembled nanodielectrics layers as a gate 
dielectric material to µs-Si TFTs and of releasable fully-formed µs-Si MOSFETs, 
respectively. Section 3.3 presents in-depth electrical characterizations on TFT, inverter, and 
logic gates fabricated using these approaches.  Significant components of this chapter 
were published as H. –S. Kim, S. M. Won, Y. –G. Ha, J. –H. Ahn, A. Facchetti, T. J. 
Marks, and J. A. Rogers, “Self-Assembled nanodielectrics and silicon nanomembranes for 
low voltage, flexible transistors, and logic gates on plastic substrates,” Appl. Phys. Lett., 
2009, 95, 183504, and  H. -J. Chung, T. -I, Kim, H. -S. Kim, S. A. Wells, S. Jo, N. 
Ahmed, Y. H. Jung, S. M. Won, C. A. Bower, and J. A. Rogers, “Fabrication of Releasable 
Single Crystal Silicon Metal Oxide Field Effect Devices and Their Deterministic Assembly 
on Foreign Substrates,” Adv. Funct. Mater., 2011, 21, 3029. 
 
3.1 Introduction 
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Recent work from several research groups illustrates the possibility of fabricating 
mechanically flexible and stretchable electronic devices with inherently brittle, crystalline 
inorganic semiconducting materials, such as Si [1], GaAs [2], GaN [3], and others, in the 
form of wires, ribbons or membranes.  These inorganic semiconductor-based approaches 
are yielding a class of technologies suitable for applications in areas, such as biomedical 
and bio-inspired devices, lightweight/rugged electronics, and advanced communication and 
sensor systems, where conventional wafer-based electronics cannot meet requirements [1-
6].  We previously demonstrated mechanically flexible and stretchable electronic devices 
such as metal-oxide-semiconductor thin-film transistors (MOS-TFTs) and various analog 
and digital integrated circuits (ICs) using single crystalline silicon micro/nanomembranes 
and ribbons (which we refer to as microstructured silicon, µs-Si) as building blocks 
[1,4,5,7].  A key element of these devices is the gate dielectric, due to its important role in 
determining the operating voltage and subthreshold characteristics.  Low temperature 
plasma-enhanced thermal deposition of SiO2 provides a route to good, although not ideal, 
materials properties [1].  As a result, besides the semiconductor itself, the material for the 
gate dielectric is the most challenging aspect of these systems.  Recent research indicates 
that self-assembled nanodielectrics (SANDs), deposited at low temperatures, can serve as 
robust, low-leakage gate dielectrics in TFTs fabricated with a range of organic [8], 
nanotube [9], and amorphous or polycrystalline inorganic thin-film semiconductors such as 
ZnO [10], In2O3 [11], and CdSe [12] with exceptionally low leakage and excellent 
switching properties.   
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Although thermally grown SiO2 is a natural choice as a gate dielectric for silicon, 
temperature limitations associated with organic substrates frustrate the use of standard 
deposition procedures.  This limitation represents a serious shortcoming because it 
precludes the use of the exceptionally high quality interface between silicon and thermal 
oxide.  As a matter of fact, the electronic defect density at and near this interface is lower 
than that for any other known gate dielectric for silicon, resulting in optimal transistor 
performance [21-24].   Another drawback of previous approaches is that most of the 
device and circuit processing occur on the final substrate, thereby adding cost and 
complexity especially for large area applications. 
In order to overcome the incompatibility of thermally grown SiO2 with plastic 
substrates, a radically different fabrication schematic is proposed in this chapter.  In 
Chapter 2, the process to form free-standing µs-Si membranes by selectively etching away 
the buried oxide (BOX; SiO2) in hydrofluoric acid (HF) is proposed and demonstrated.  In 
this process, however, if the gate dielectric layer of thermally grown SiO2 is formed on top 
of the silicon layer prior to HF undercut process, it can also be etched away in HF if it is 
not properly passivated.  In reality, it is extremely difficult to completely passivated the 
surface and prevent HF from etching SiO2 (i.e. gate dielectric) because HF will viciously 
attach the native oxide between the silicon layer and the passivation layer and eventually 
attack the gate dielectric.  In order to overcome this hurdle, a completely radical 
fabrication scheme without HF undercut process is proposed.  Furthermore, instead of 
carrying out the devices fabrication steps after the assembly of µs-Si membranes on plastic 
substrates, µs-Si MOSFET incorporating thermally grown SiO2 can be fully-formed on the 
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starting wafer prior to the assembly on plastic substrates.  This process represents an ideal 
approach to form µs-Si-based flexible electronics, because transfer-printing process and 
other post processes are completely separated from the devices fabrication.  The schemes 
reported here also terminate all exposed silicon surfaces with tg-SiO2, thereby imparting 
robust operation, and performance that is nearly independent of choice of device substrate.  
As a result, the field-effect mobilities, densities of interface traps, sub-threshold behaviors 
and other characteristics of MOSFETs achieved on thin plastic substrates in this manner 
significantly exceed those of previous demonstrations.  More detail descriptions on this 
new fabrication process is presented in section 3.2.2. 
 
3.2 Experiment 
 
3.2.1. Fabrication of µs-Si TFTs with self-assembled nanodielectrics as a gate 
dielectric material 
 
The fabrication of the present TFTs and logic gates begins with the creation of 
degenerately doped contact regions on p-type Silicon-On-Insulator wafers (150mm 
SOITEC UNIBOUND; 300nm-thick top silicon layer; resistivity = 13.5~22.5 Ωcm, and 
1000nm-thick buried oxide layer) via a phosphorous diffusion process using a spin-on-
dopant (P509; Filmtronics) and procedures described elsewhere [13].  Photolithography 
and reactive ion etching (RIE) are used to define the silicon nanomembrane’s lateral 
dimensions (i.e., the form of the µs-Si) that are released from the wafer by dissolving the 
buried oxide with hydrofluoric acid (HF), as illustrated in Fig. 3.1 A.  As a source of µs-Si, 
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bulk wafers can also be used [14].  Transfer printing next delivers these membranes onto a 
polyimide sheet (70 µm-thick) coated with a thin, spin-cast layer of a liquid polyimide 
precursor (Sigma Aldrich) which serves as an adhesive.  Self-assembled nanodielectrics 
(SANDs; ~15 nm thick) were deposited [10] on the native oxide of the exposed membrane 
surfaces serve as gate dielectrics for the NMOS TFTs.  The type of SAND used here 
consists of alternating organic layers (saturated alkyl and pi-stilbazolium) strongly 
interconnected by glassy siloxane networks that planarize the surface and enhance 
structural integrity by cross-linking and filling pinholes.  This SAND multilayer exhibits a 
capacitance of ~180nF/cm2 [10].  Etching defined SAND regions with buffered-oxide-
etchant (BOE) opens contact windows for source and drain metallization.  
Photolithography and liftoff then define the Ti/Au (10nm/150nm) electrodes for source, 
gate, and drain, as well as for interconnects between transistors for logic gates. 
 
3.2.2. Fabrication of releasable fully-formed µs-Si TFT with thermally grown SiO2 
as a gate dielectric material. 
 
The schematic illustrations in Figs. 3.2 B-E show steps for fabricating thin 
MOSFETs on a custom-made SOI wafer.  The SOI wafer consists of handle Si wafer with 
(111) orientation, a buried layer of SiO2 (BOX; 1 µm thick), and a top layer of p-type Si 
with (100) orientation (~2 µm thick) as shown in Fig. 3.2 A.  This type of wafer is unusual, 
and designed especially for present purposes due to its favorable characteristics for (1) 
electronic transport in (100) silicon for MOSFETs and (2) anisotropic etching of (111) 
silicon for release.  The first step in the fabrication involves heavy n-type doping (n+) with 
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a solid source of phosphorous (1000 °C, 10 min) in lithographically patterned geometries to 
define n+-p-n+ junctions which become source-channel-drain regions in MOSFET.  
Reactive ion etching (RIE) then removes unwanted regions of the top silicon layer to isolate 
the devices.  Dry oxidation at 1100 °C for 1 hour induces conformal growth of a layer of 
SiO2 (~90 nm thick) on the exposed surfaces of the silicon (Fig. 3.2 B).  Etching openings 
through this layer in the n+ regions with DHF (diluted HF; 10% diluted in DI) provides 
electrical access for source and drain (S and D) electrodes patterned on top.  The 
electrodes for source, drain, and gate (Cr; 250 nm thick) are then deposited and patterned in 
a single step to form a coplanar transistor structure (Fig. 3.2 C).  Next, plasma-enhanced 
chemical vapor deposition (PECVD) forms a conformal layer of SiN (800 nm), uniformly 
across the area of the wafer (Fig. 3.2 D).  This SiN layer serves as a passivation/protecting 
layer of gate dielectric layer and electrodes from TMAH during subsequent undercut 
process.  A patterned metal layer (Cr; 200 nm thick) on top of the SiN passivation layer 
serves as a hard mask for dry etching to form openings through the SiN and BOX layers 
and to expose the underlying (111) handle wafer to a depth of ~2 µm (Fig. 3.2 E).  This 
process defines the lateral geometries of the devices as well as structures (i.e. anchors).    
After removing the hard mask metal layer, immersing the wafer in a boiling aqueous 
solution of tetramethyl ammonium hydroxide (TMAH; 25% diluted in DI) etches the 
handle Si anisotropically, such that the etch-front proceeds along the Si <110> directions.  
A complete undercut prepares the devices for release, and assembly by transfer printing as 
described in previous chapters.  The long axes of the anchors lie along the <111> direction 
of the handling wafer, to leave the devices freely suspended, with edges tethered to the 
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handle only at selected locations.  The etch time depends on the widths of the devices; ~90 
minutes is sufficient for 180 µm widths.   
As mentioned in the previous chapter, the bottom surface µs-Si is critical to device 
operation.  An important feature of this particular device design is that the bottom surface 
of the silicon is passivated with SiO2 which is known to have the best interfacial quality to 
Si.  As a result, the electronic properties are insensitive to the characteristics of the final 
substrate.  Optical microscope images appear in Fig. 3.3 A-C.  Figure 3.3 A shows two 
isolated n+-p-n+ junctions after oxidation, which corresponds to the cartoon in Fig. 3.2 B.  
Fig. 3.3 B and C reveal the structure after etching the vertical trenches and anisotropic 
undercut process, respectively (Fig. 3.2 E).  The black regions reveal the etched (111) 
handle wafer.  The variation in color across the <110> axis arises from slight bowing of 
the devices. 
 The anisotropic TMAH etching process is a critically important aspect of the 
fabrication.  Cross-sectional scanning electron microscope (SEM) images in Fig. 3.3 D 
and E reveal additional features.  Here, the etch fronts propagate through the <110> 
direction of the (111) handle wafer.  (The trench depth appears larger than the one defined 
by RIE (~2 µm) due to (i) misorientation in the handle wafer and (ii) weak anisotropy of 
TMAH: the ratio of etching rates for the (111) and (100) planes is 0.02 ~ 0.08 [25].  The 
BOX layer serves as a barrier to the etchant, thereby protecting the undersides of the 
devices; the SiN protects the top surface from TMAH.  The anisotropy of the etch leaves 
the anchor structures connected to the handle wafer along straight, unetched regions of 
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silicon.  The tilted view in Fig. 3.3 E shows suspended, fully undercut devices ready for 
release onto a stamp.   
 Devices formed in this way incorporate a high quality, thermal oxide as the gate 
dielectric.  Alternative schemes can retain this advantage, and at the same time provide 
other processing options.  For example, anisotropic etching and transfer printing steps can 
occur immediately after thermal oxidation.  In this case, the S, D and gate metallization 
can be defined on the target, device substrate, after printing.  This sequence has the 
advantage that the choice of metal is not limited by its compatibility with other steps, 
thereby offering potential value in specialized applications, such as those in biomedical 
devices or high speed circuits, where the selection of metal can be critically important.  A 
disadvantage, of course, is that the processing must be compatible, in terms of both 
materials and cost considerations, with the final device substrate. 
 
3.3 Results and Discussion 
 
3.3.1. Electrical and mechanical properties of µs-Si TFTs and logic gates with self-
assembled nanodielectrics as a gate dielectric material 
 
Figure 3.4 provides optical images and electrical characterization data for 
representative NMOS TFTs.  As shown in Fig. 3.4 B, the devices have channel lengths 
and widths of 7.5 µm and 100 µm, respectively.  Figure 3.4 C presents a plot of the 
transfer characteristic in both linear (red) and logarithmic (black) scales where output (drain) 
current is plotted as a function of the input (gate) bias voltage for a fixed output (drain) 
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voltage of 50 mV.  The effective device mobility in the linear regime can be extracted 
from these data using a parallel plate model for the capacitance and standard analysis 
procedures [15].  The mobility for the device shown is ~680 ± 50 cm2/Vs, and the on/off 
ratio is >107.  Device-to-device variation in the mobility is ~10%, which is within the 
processing variation and measurement error that we typically observe.  The leakage 
current to the gate through the SAND layer is < 7 pA throughout the entire gate bias range 
(-1V to 2V) and is about 3.9pA at 1V, corresponding to a leakage current density < 2.8 x 
10-7A/cm2, and ~ 1.5 x 10-7A/cm2, respectively.  These values are near the noise limit of 
our instrumentation; see inset of Fig. 3.4 C.  The threshold voltage (Vth) and subthreshold 
slope (S), also extracted from the transfer characteristics, are ~1.1 ± 0.05 V and ~120 ± 4 
mV/decade, respectively.  The observed variations in threshold voltage and the 
subthreshold slope are ~4% and ~3%, respectively; both are within the measurement error 
that we typically observe.  These performance parameters (effective device mobility, 
on/off ratio, and subthreshold slope) are all somewhat better than those previously reported 
on similar devices using a SiO2 gate dielectric deposited at 250ºC by plasma-enhanced 
chemical vapor deposition (PECVD; effective device mobility ≈ 600cm2/Vs, on/off ratio ≈ 
105, and subthreshold slope ≈ 230mV/decade with 100nm of SiO2 dielectric layer) [1].  
Figure 3.4 D shows current-voltage data, indicating output resistances of 6.2kΩ, 13.4kΩ, 
34.3kΩ, and 133.7kΩ at gate biases of 2V, 1.75V, 1.5V, and 1.25V, respectively. 
To investigate the mechanical properties of these devices, we performed bending 
tests in the longitudinal (i.e., along the channel transport direction) and transverse (i.e., 
perpendicular to the longitudinal case) directions by measuring the electrical characteristics 
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of the devices while wrapped on tubes having different circular cross-sections.  This 
bending induces strain in the silicon, which can change the intrinsic mobility due to its 
piezoresistive properties, as is well known [16].  Figure 3.5 shows the effective device 
mobility as a function of bending-induced tensile and compressive strains in longitudinal 
and transversal directions, where the strain is computed based on analysis of mechanics 
presented elsewhere [18].  In particular, the effective device mobilities were evaluated at 
calculated strains of 0.1%, 0.11%, and 0.13% which corresponds to bend radii of 8.80 mm, 
7.35 mm, and 6.35 mm, respectively.  The observed variations in mobility with strain are 
comparable to those of Zhao et al [19], where the effects of uniaxial tensile strain were 
studied on partially depleted SOI MOSFETs with device dimensions comparable to ours.  
These results appear as a solid line in Fig 3.5, for purposes of comparison.  The effective 
device mobility increases under tensile strain and decreases under compressive strain [19, 
20]. 
To demonstrate the applicability of SAND-based µs-Si transistors for circuit 
applications, we fabricated the three logic gates (NOT, NAND, and NOR gates) that are the 
essential building blocks of digital ICs.  Other types of Boolean logic gates and higher 
level digital ICs (i.e., latches, flip-flops, arithmetic logic unit, etc.) can be realized from a 
network of these logic gates.  In all cases, we used NMOS for both pull-up and pull-down 
transistors, placing them in the category of enhancement-load NMOS logic gates [17].  
Both the supply voltage (VDD) and the input voltage (VIN) were limited to 2V, to 
demonstrate the possibility of low-voltage operation.  Figure 3.6 A shows an optical 
image of a representative inverter (NOT gate).  The pull-down transistor has channel 
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length and width of 15µm and 500µm, respectively; the pull-up transistor has channel 
length and width of 400µm and 50µm, respectively.  The aspect ratios (Z) of the pull-up 
and pull-down are, then, 8.0 and 0.030, respectively.  The geometric ratio (KR), defined as 
ZPull-up/ZPull-down, is ~266.  From the voltage transfer curve (VTC) of the inverter shown in 
Fig. 3.6 B, several voltages are defined, namely VOH, VOL, VIL, VIH, VM, VMAX, and VMIN.  
VOH and VOL, by definition, represent the minimum output voltage for a valid “1,” and the 
maximum output voltage for a valid “0,” respectively.  The device dimensions were 
selected based on design studies using PSPICE simulation with a goal of making VOL close 
to 0V and VOH close to 2V.  VIL (voltage input low) and VIH (voltage input high) are 
defined as input voltages at which the output voltage transfer curve has the slope of 1.0.  
VM (voltage midpoint) represents the voltage where the input and the output voltages are 
equal.  VMAX (maximum output voltage) and VMIN (minimum output voltage) are the 
maximum and minimum voltages that the output can reach.  For the logic gate shown here, 
VOH, VOL, VIL, VIH, VM, VMAX, and VMIN are 1.95V, 0.45V, 0.54V, 1.03V, 0.84V, 2V, and 
0.22V, respectively.  The resulting noise margins, NML and NMH, thus become 0.09V and 
0.92V, respectively.  NAND and NOR logic gates can be realized simply by adding a 
transistor to the input node of the inverter in series configuration for the NAND gate and in 
parallel configuration for the NOR gate.  Figure 3.6 C shows output characteristics of 
NAND and NOR gates, respectively.  VA and VB represent the input voltages.  For the 
NAND gate, the output becomes “0” only when both inputs are “1.”  For the NOR gate, 
the output becomes “1” only when both inputs are “0.”  The logic “0” and “1” outputs of 
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the NAND gate were 0.03V and 1.98V to 2V, respectively.  The logic “0” and “1” outputs 
of the NOR gate were 0V to 0.07V and 0.98V to 1.07V, respectively.   
 
3.3.2. Electrical properties of releasable fully-formed µs-Si TFT and logic gates 
with thermally grown SiO2 as a gate dielectric material. 
 
Figure 3.7 provides electrical properties for a representative n-type MOSFET 
printed onto a polyimide substrate (KAPTON; 25 µm thick).  The effective channel length 
(L) and width (W) are 15.5 and 150 µm, respectively, which considers the thermal diffusion 
of dopant (i.e. Phosphorous).  The transfer characteristics, consisting of output drain 
current (ID) as a function of input gate bias (VG) for drain voltage (VD) of 0.1, 2.1, and 4.1 
V, appear in both logarithmic (solid) and linear (short dash) scales in Fig. 3.7 A.  The 
transconductance, ( )
DVGDm
VIg ∂∂= / , is also plotted for VD = 0.1 V.  The field-effect 
mobility µFE can be obtained from the gm similar to the approach described in the previous 
chapter 2. 
   
0→
=
DVDox
meff
FE VWC
gLµ ,     (3.1) 
where Cox is the capacitance of the gate oxide and Leff is the effective channel length.  By 
using the measured thickness of 90 nm and known dielectric coefficient of SiO2, 3.9, the 
value of Cox is 38.4 nF/cm2.  The µFE values are a function of VG because the electron 
mobility in the inversion layer depends on the vertical electrical field applied by the gate 
electrode.  For present purposes, we use the mobility obtained from the maximum gm, 27.2 
µS, as a representative parameter.  The corrected value of µFE is ~740 cm2/V·sec.  The 
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saturation mobility, ( ) ( ) 22/1 //2



 ∂∂=
DV
GDoxeffsat VIWCLµ  is ~580 cm2/V·sec at VD = 
4.1V.  The on/off ratio is > 5 × 106 and the gate leakage current is less than 7 pA 
throughout the measured range.  The threshold voltage (Vth) and subthreshold swing (S) at 
VD = 0.1 V are +0.60 V and 140mV/decade, respectively.  The output characteristics 
appear in Fig. 3.7 B.  Here, the curves exhibit sharp saturation behavior at high VD and the 
saturated ID values show good agreement with a parabolic fit to ( )thG VV − , consistent with 
nearly ideal MOSFET behavior under square law theory.  In addition, the device is free 
from hysteresis behavior when the gate voltage sweeps from -6 V to + 6 V, then back to -6 
V at VD = 0.3 V in Fig. 3.7 C. 
 The quality of the interface between Si and SiO2 governs the key performance 
aspects of the MOSFET.  The properties of this interface can be estimated by analysis of 
device parameters such as µFE and S.  When the MOSFET operates in inversion mode, the 
electron channel lies within the inversion layer whose thickness is less than 10 nm [26].  
Thus, the maximum mobility µFE is typically lower than the bulk mobility because of 
electron scattering by charge centers near the Si/SiO2 interface, namely the positive fixed 
oxide charge (Qf) and the interface-state charge (Nit).  Because the relaxation time is 
inversely proportional to the density of the charges, an empirical relation for µFE can be 
defined as 
  ( )itfFE NQ ++= α
µµ
1
0
,     (3.2) 
where µ0 and α are experimentally determined fitting parameters that depend on the 
average impurity concentration in the bulk Si (NA) [26].  Because boron-doped (100) Si 
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with a resistivity of 10 - 20 Ω·cm is used in this study, NA for the devices reported here is 
~1015 [27].  The relationship between the µFE and the density of electrostatic scattering 
centers (Qf + Nit) is quantitatively well established.  Therefore, by using the fitting 
parameters (µ0 and α), the (Qf + Nit) value can be determined to be ~2.2 × 1011 /cm2.  The 
equivalent maximum density-of-states ( max
ssN ) at the Si/SiO2 interface can be extracted 
from S, using the following equation, 
  
q
C
qkT
eSN oxss 





−= 1
/
)log(max
    (3.3) 
where q is the electron charge, k is the Boltzman constant, and T is the absolute 
temperature [28].  From equation (3.3), max
ssN  is ~3.2 × 10
11
 /cm2, which is consistent 
with the result from equation (3.2).  Whereas the state-of-art MOSFETs may reach µFE 
and ( )itf NQ +  values > 800 cm2/V·sec, and < 1011/cm2, respectively [22, 26], the 
parameters of the devices reported here exceed those produced in other ways on plastic or 
other non-wafer substrates. 
 High on/off ratio along with low subthreshold swing and hysteresis makes this 
form of device ideal for digital IC application.  Figure 3.8 A shows optical images of the 
three examples, in the form of NOT (i.e. inverter), NOR, and NAND logic gates, along 
with equivalent circuit diagrams.  Figure 3.8 B and C show operational characteristics of 
such devices.  Here, W / L geometry of the load and the drive devices are 30 / 40 and 120 
/ 20 µm, respectively, and supply voltages (Vdd) are 1 V for all cases.  The inverter in Fig. 
3.8 B exhibits well-defined transfer characteristics with an inverter gain of ~2.1.  The 
output voltages (Vout) at inputs (Vin) of 0 and 1 V are 0.885 and 0.035 V, respectively.  
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The NOR and NAND gates in Fig. 3.8 C shows well-defined "0" and "1" output voltages of 
0.01 - 0.04 V and 0.93 - 0.96 V, respectively, for input signals of -1 V and +1 V, 
respectively.  All circuits operate at small Vdd of 1 V and Vin of -1 - +1 V , due to the 
small subthreshold voltages (140mV/dec) of the constituent MOSFETs and the sufficient 
on/off ratios (1.2 × 104 at VG = ± 1 V) of the drive devices (as seen from the inset in Fig. 3.8 
B). 
 
3.4 Conclusion 
 
Collectively, these results and those of the individual transistors demonstrate that 
the combination of single-crystalline silicon nanomembranes and self-assembled 
nanodielectrics provides an important route to mechanically flexible, high performance, and 
low-voltage digital ICs on plastic substrates.  Furthermore, a novel fabrication strategy of 
fully-formed µs-Si MOSFET with thermally grown SiO2 as a gate dielectric material and as 
a passivation layer is demonstrated with improved electrical properties.  The ideas 
presented here enable integration of high quality, distributed silicon electronics with 
thermal oxide dielectrics on plastic substrates that are incompatible with critical steps (e.g. 
thermal oxidation and many others) in conventional semiconductor manufacturing.  A key 
feature is that, except for interconnection, the device fabrication steps are completely 
separated from the target substrate (i.e. plastic substrate).  Also, the bottom surfaces of the 
devices are passivated with thermal oxide, thereby minimizing any influence of the 
substrate on their performance.  When implemented using foundry wafer fabrication 
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facilities for the devices and advanced inkjet [29], electrohydrodynamic [30-31], direct 
write [32], or alternative printing techniques [33] for the interconnect, these procedures 
have the potential to bypass the need for any additional specialized processing technology 
for large area electronics, or other non-wafer applications such as those that demand 
flexible, stretchable or curvilinear substrates. 
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3.6 Figures 
 
 
Figure 3.1  
(A) Schematic illustration of the fabrication process for µs-Si TFTs with SAND gate 
dielectrics.  (B) Layout of the device, in an exploded layer-by-layer schematic view.  The 
The chemical structure of the SAND used here appears below. 
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Figure 3.2  
 
(A) Schematic illustration of the starting SOI wafer consists of Si (100), SiO2, Si (111) as a 
top Si, buried oxide, and a handle wafer, respectively.  (B)-(E) Schematic illustration of 
steps for fabricating thin, microscale MOSFETs including (B) forming and isolating n+-p-
n
+
 junctions on the top device layer of an SOI wafer; (C) growing a thermal oxide as a gate 
dielectric, followed by defining source, drain and gate metallization to complete the 
MOSFETs; (D) depositing a uniform, protecting (i.e. passivation) layer on top of the 
devices; (E) RIE etching to define anchors and supporting structures, followed by 
anisotropic, wet chemical undercut etching (TMAH) to release the structures in a 
suspended state above the underlying substrate.  
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Figure 3.3 
 
(A)-(C) optical microscope images at various stages of the device fabrication, including 
(from left) (A) after oxidation and doping, (B) after defining the anchors and supporting 
device platforms, and (C) after TMAH undercut etching.  (D) Cross-sectional SEM image 
of a representative device after partial anisotropic undercut etching with TMAH.  (E) 
Angled SEM image of an array of suspended structures after complete undercut etching, 
showing anchors at the four corners of each element.   
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Figure 3.4  
(A) Optical image of an array of µs-Si TFTs with SAND dielectrics on a PI (75µm-thick) 
substrate, wrapped around the test tube with diameter of 12 mm.  (B) Optical images of an 
individual device.  (C) Drain current (ID) as a function of gate voltage (VG) in both linear 
(red) and logarithmic (black) scale, measured with source/drain bias (VD) of 50mV.  The 
inset shows the gate leakage current for VG between -1 V and 2 V.  (D) Drain current as a 
function of source/drain bias for various gate biases, for a typical device. 
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Figure 3.5   
Normalized effective mobility as a function of bending-induced strain in the (A) 
longitudinal direction. (i.e., along the channel direction) (B) transverse direction (i.e., 
perpendicular to the channel direction).  The red lines correspond to independent 
measurements on wafer-based devices with similar dimensions. 
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Figure 3.6   
(A)  Optical Image of an inverter based on µs-Si TFTs with SAND gate dielectrics.  All 
logic gates (NOT, NAND, and NOR) are biased with VDD= 2V and GND (0V).  (B) 
Voltage transfer characteristic plot (VTC) of an inverter (red), and Gain (black).  (C) 
Output characteristic of a NAND gate and a NOR gate.  VA and VB represent the input 
voltages and VOUT represents the output voltage. 
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Figure 3.7  
 
(A) Typical transfer characteristics of a thin, microscale MOSFET printed onto a PI 
substrate, with W / L = 150 / 20 µm.  Solid and short dashed lines correspond to the drain 
current plotted in logarithmic and linear scales, respectively.  The curve indicated by the 
long dashed line shows gm values, evaluated in the linear regime.   (B) Output 
characteristics (at gate voltages labeled in colored text in the plot) and (C) hysteresis 
properties (VD = 0.3V; up and back sweeps shown in black and red) of the same device 
presented in (a). 
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Figure 3.8  
 
(A) Optical microscope images of inverter, NOR, and NAND logic gates printed on a PI 
substrate, with respective equivalent circuit diagrams.  (B) Current-voltage characteristics 
of an inverter with Vdd = 1 V.  The inset shows transfer curves (VD = 1 V) from adjacent 
MOSFETs that have identical W / L geometries as the load (30 / 40 µm) and the drive (120 
/ 20 µm) devices in the inverter.  (C) Input-output characteristics of the NAND and NOR 
gates. 
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CHAPTER 4 
 
MECHANICALLY FLEXIBLE STRAIN SENSOR ARRAY USING PRINTED 
ASSEMBLIES OF SINGLE CRYSTALLINE SILICON NANOMEMBRANES ON 
PLASTIC SUBSTRATES. 
 
 This chapter describes strategies and procedures of fabricating mechanically 
flexible electro-mechanical sensors (i.e. strain sensing array) using printed µs-Si on plastic 
substrate.  Piezoresistive properties of heterogeneous system of printed µs-Si membranes 
and a plastic substrate are discussed.  Section 4.1 presents introduction to the chapter.  
Section 4.2 describes the fabrication approach to create strain gauges and strain sensor 
arrays on plastic substrate.  Section 4.3 discusses piezoresistive properties and electrical 
characteristics of the individual strain gauge and strain sensor arrays.  Significant portions 
of this chapter were published as S. M. Won*, H. –S. Kim*, N. Lu, D. –G. Kim, C. D. Solar, 
T. Duenas, A. Ameen, and J. A. Rogers, “Piezoresistive Strain Sensors and Multiplexing 
Arrays Using Assemblies of Single-Crystalline Silicon Nanoribbons on Plastic Substrates,” 
IEEE Trans. Electron Dev., 2011, 58, 11, 4074. 
 
4.1 Introduction 
 
In 1856, Lord Kelvin discovered that the resistance of the metal changes with 
respect to the applied mechanical stress.  Metal-foil strain gauge, invented by Edward E. 
Simmons and Arthur C. Ruge in 1938, takes advantage of this phenomenon [1].  The most 
common type of strain gauge consists of electrically conductive metallic foil on electrically 
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insulating/flexible backing (often a plastic film) which mechanically supports the metallic 
foil.  As the object is deformed, a metallic foil is deformed along with the object causing 
the electrical resistance of the metal to change.  It is purely “geometrical effect.”  For 
example, as the metal layer tensilely strained, its overall length (i.e. L) increases whereas 
the cross-sectional area (i.e. A) decreases due to Poisson’s effect [1].  Overall change in 
the resistance is proportional to the change in the length and inversely proportional to the 
change in the cross-sectional area as shown in the equation below.   
A
LR
∆
∆
=∆ ρ      (4.1) 
where R, ρ, L, and A are overall resistance, metal’s resistivity, overall length, and cross-
sectional area.  The gauge factor (GF), which is the ratio of relative change in electrical 
resistance to the applied mechanical strain, is often used to describe the sensitivity of the 
strain gauge.  Metal-foil strain gauge typically exhibits gauge factor ranging from 0.47 to 
6.1 [2].  The gauge factors of various metal foil strain gauges are listed in the Table 4.1. 
The physics that governs the change of electrical resistance of a semiconducting 
material is somewhat different from that of metal.  When strain is applied to a 
semiconducting material, both “geometrical effect” and “piezoresistive effect” occurs.  
The latter effect, piezoresistive effect, only occurs in semiconductor and is often orders of 
magnitude greater than the geometrical effect [3].  The piezoresistive effect in 
semiconductor (i.e Si and Ge) was first discovered first by C.S Smith in 1954 and has been 
studied extensively since then [3-5].  The discovery of piezoresistive effects in silicon by 
Smith [3] led to the development of classes of silicon-based electro-mechanical sensor 
technologies that are now in widespread use in various applications, including structural 
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health monitoring [6], tactile image detection [7], cardiovascular pressure measurement [8], 
and many others [9].  Large piezoresistive coefficients, high natural abundance and mature 
processing technologies represent attractive aspects of silicon for these applications.   
In the case of silicon (i.e. n-type silicon), there are three pairs of valleys in the k-
space.  These surfaces consist of ellipsoids of revolution located on the cube axes.  When 
external strain is not present, all valleys are degenerated and are equally populated.  When 
strain is present, however, the symmetry of the valley structures gets altered and electrons 
are no longer equally populated among valleys.  The redistribution of electron among 
valleys with different mobilities creates a large change in the conductivity (or resistivity) of 
the material [3-4].  The strain dependent phenomena of p-type silicon are more complex 
than that of n-type silicon.  In the case of hole, applied strain induces the splitting of 
valence band into light-hole (LH) band and heavy hole band (HH) and modifies the inter-
band scattering [4].  Generally, p-type silicon is most commonly used as a piezoresistive 
sensor material because it has better sensitivity and linearity than n-type silicon [4].  
Furthermore, it is generally doped heavily for the temperature independence. 
Typically, silicon-based sensors are fabricated on wafers, and then subsequently 
diced and integrated into small packages with microelectronic integrated circuits IC) for 
signal manipulation and recording [6-9].  Although well configured for many applications, 
devices in this form are incompatible with certain applications in structural health 
monitoring for aircraft and in interfaces to the human body, where large-area, large-scale 
integrated networks of sensors on thin, deformable substrates are required.  Conventional 
metal-foil strain gauges offer flexibility and the potential for use in this format, but they 
suffer low sensitivity (i.e. gauge factor) and limited scalability to large-areas due to lack of 
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strategies for multiplexed addressing (e.g. even a small, 6 x 6 array can require as many as 
72 electrode pads for addressing.) [1].  Although silicon-based strain gauges exhibit 
superior performances to the metallic strain gauge, it lacks the flexibility for curved 
surfaces.  As a result, metallic strain gauges are still the most dominant type of strain 
gauge where the flexibility is demanded.   
  Recent research aims to overcome this limitation through the use of thin film 
amorphous, microcrystalline, and polycrystalline silicon-based sensors and multiplexing 
devices [10-12].  Piezoresistive effects in these materials are, however, substantially lower 
than those in single crystalline silicon [11].  Other approaches require the development of 
new classes of electronic materials, based on organic semiconductors, networks of single 
walled carbon nanotubes (SWNT) [13], sheets of graphene [14] and others. Although 
certain of these technologies appear promising, none has the maturity and proven 
effectiveness of silicon.  
In this chapter, materials, integration strategies, mechanical modeling results and 
system demonstrations of distributed networks of piezoresistive strain sensors based on 
ultrathin single-crystalline silicon membranes bonded to thin plastic substrates (i.e. 
polyimide) are discussed.  Such systems offer the high sensitivity (i.e. piezoresistive 
coefficient or gauge factor) of single-crystalline silicon while providing lightweight 
construction and mechanical flexibility.  By using Wheatstone bridge configurations for 
the sensors and coupling them to multiplexing diodes, this technology can be scaled to 
large-area, integrated monitors with spatial mapping capabilities. 
 
4.2 Experiment 
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The procedures used here are built on concepts demonstrated for flexible 
electronics, in which ultrathin silicon ribbons or membranes (which we refer to as 
microstructured silicon, or µs-Si) are derived from bulk wafers, or silicon-on-insulator (SOI) 
substrates, and then assembled using transfer-printing techniques onto thin sheets of plastic 
[15]-[17].  Here, we use SOI (Soitec, unibond with 300-nm top p-type Si layer with 
resistivity of 14-22 Ω-cm) to create devices illustrated schematically in exploded view 
format in Fig. 4.1.  A SOI wafer is particularly useful for generating µs-silicon membranes 
because buried-oxide (BOX) layer can be easily and selectively etched in Hydrofluoric (HF) 
acid.  Furthermore, the top silicon layer on a SOI wafer prepared using smart-cut process 
(SOITEC) exhibit very low thickness variation, which cannot be achieve by other SOI 
preparation techniques, such as SIMOX.  The process begins by defining p- and n- doped 
regions in µs-Si via impurity diffusion procedures with SiO2, which is deposited via Plasma 
Enhanced Chemical Vapor Deposition (PECVD), as a diffusion barrier layer.  It is 
necessary to dope the silicon layer high enough to create good ohmic properties with a 
metal contact, but also to reduce the temperature dependence [18].  Increasing the doping 
concentration improves the quality of the ohmic contacts and reduces the temperature 
dependence (i.e. lower temperature coefficient of resistance: TCR), but at the expense of 
reductions in the piezoresistive coefficient (i.e. strain sensitivity or gauge factor) [18-19].  
With a boron concentration of ~5 x 1018/cm3, the silicon is sufficiently doped to provide 
good ohmic contacts.  Furthermore, at this concentration, the temperature dependence (i.e. 
temperature coefficient of resistance or TCR) is reduced by factor of ~5X [18], while the 
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longitudinal piezoresistance coefficient is maintained to ~80% [19] of its value at the 
impurity concentrations of 1 x 1016/cm3.  By precisely controlling the diffusion 
temperature and duration, approximately uniform concentrations of boron (~5 x 1018/cm3) 
can be achieved throughout the thickness (i.e. 300nm) of the top silicon layer on SOI wafer 
used here, as illustrated in Fig. 4.2.  In order to achieve uniform impurity concentration of 
~5 x 1018/cm3 across the entire thickness of the 300nm-thick top silicon layer on SOI wafer, 
two-step diffusion process is employed.  First, boron is pre-deposited in the furnace at the 
temperature of 900°C for 5 minutes to diffuse boron from the source onto the surface of the 
SOI wafer.  At this point, boron is highly concentrated on the surface of the wafer.  
Subsequent diffusion process in the furnace at the temperature of 1100°C for 45 minutes 
without the source wafer creates the uniform boron concentration across the 300nm-thick 
top silicon layer on SOI wafer.  Buried oxide layer in the SOI wafer prevents boron to 
diffuse further into the handle Si wafer.  In order to create PN diode for multiplexing, part 
of p-type silicon layer must be converted to n-type by phosphorous diffusion process.  
Unlike boron diffusion process, only a single diffusion step is employed for phosphorous 
diffusion process because the concentration of the phosphorous doesn’t have to be uniform 
across the 300nm-thick top silicon layer.  Phosphorous diffusion process is necessary 
merely to convert p-type silicon to n-type with the concentration high enough to form a 
good ohmic contact for PN diode.  Thus, phosphorous is only pre-deposited in the furnace 
at the temperature of 900°C for 5 minutes. 
Once the impurity diffusion process is completed, micro-scale holes are defined 
photolithographically followed by SF6-based dry etching to expose the underlying SiO2 
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layer (i.e. buried oxide layer).  Subsequently, hydrofluoric (HF) acid etches underlying 
SiO2 layer via micro-scale holes to release 300nm-thick µs-Si nanomembrane from the 
wafer.  µs-Si nanomembrane is then transfer-printed using PDMS stamp onto a 75 µm-
thick polyimide substrate (Dupont; Kapton(R) 100E film) which is spin casted with thin 
adhesive layer of polyamic acid (Sigma Aldrich Inc.) [15-17].  Once µs-Si nanomembrane 
is transferred onto polyimide substrate and is defined, a layer of SiO2 (200nm; deposited by 
plasma-enhanced chemical vapor deposition) and metallization of Cr/Au (20nm/150nm; 
deposited by electron beam evaporation) are deposited and serve as interlayer dielectric 
(ILD) and electrodes, respectively.   
Figure 4.3 A and B provide a schematic illustration and a optical images of a strain 
gauge that uses a Wheatstone bridge design with four separate µs-Si resistors, as well as a 
separate and isolated µs-Si resistor, all on a polyimide substrate.  The corresponding 
circuit schematic appears in Fig. 4.3 C; power is applied to nodes B and D, while output 
voltages are measured between A and C.  Imbalances between the voltage drops across the 
four resistors, caused by externally applied strains, leads to changes in the output voltages 
(i.e. VOUT). 
 
4.3 Results and Discussion 
  
4.3.1. Piezoresistive properties of µs-Si nanomembranes 
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Uniaxial tensile strain applied along the lengths of resistor devices reveals their 
strain-induced changes in resistance.  For this measurement, both side of the specimen are 
clamped onto the stage which essentially pulls and stretches the specimen as depicted in Fig. 
4.5 A.  At various levels of applied strain, electrical resistance of the printed µs-silicon 
membranes was measured.  Figure 4.4 A shows a representative set of data from a device 
that incorporates a strip of silicon with dimensions of 20 × 200 µm2; inset provides a 
schematic illustration.  The resistance varies linearly with tensile strain throughout this 
range; the effective gauge factor (GF) of this heterogeneous system is ~43 derived by  
app
RGF
R ε
∆
=
×
 
                             (4.2) 
where εapp is the applied strain onto the polyimide substrate.  Gauge factor of 43 of printed 
µs-Si nanomembranes on polyimide system is at least an order of magnitude greater than 
that of the conventional metal-foil strain gauge [2]. 
Since the mechanical properties (e.g. moduli) of the silicon and the polyimide 
substrate differ by nearly a factor of one hundred, the GF measured in this manner does not 
directly yield the value for the µs-Si.  Analysis by Finite Element Modeling (FEM) yields 
distributions of strain that can then be used to determine intrinsic GF value of µs-Si 
nanomembrane (i.e. GFSi).  Figure 4.4 C presents a plot of the calculated strain on the top 
layer of the µs-Si resistor and the Wheatstone bridge strain gauge for an applied tensile 
strain of 0.1% along the vertical direction (i.e. y-direction).  The FEM results indicate that 
the strain in the silicon is approximately 0.045% when a strain of 0.1% is applied to the 
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polyimide substrate, for a device that has overall dimensions (i.e. µs-Si nanomembrane and 
surrounding polyimide) of 30 x 1 mm.  The value of GFSi can be calculated by  
Si
Si GFGF ε
ε app
⋅=                               (4.3) 
For GF=43 at an applied strain ε=0.1%, the true strain in the µs-Si nanomembrane 
εSi=0.045%, such that GFSi found to be ~97. The intrinsic gauge factor of [110] Si can be 
calculated analytically by the following equation [20]: 
96.49
10168108.710.8 911
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××××=
=
−
SiSiSi EGF αpi
           
(4.4) 
where α is a correction coefficient accounting for different doping concentration [19], pi is 
the piezoresistive coefficient and E represents the Young’s modulus. This calculated GFSi 
value is in excellent agreement with our experiment and simulation result.  
Figure 4.4 B shows the change in output voltage of a Wheatstone bridge strain 
gauge under ±3 V input bias as a function of applied uniaxial tensile strain as shown in the 
inset of Fig. 4.4 B.  To model the voltage, we use the well-known equation  
21
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43
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               (4.5) 
where R denotes the resistance of each bridge (i.e. each µs-Si resistor) and can be 
calculated by  
)1(0 ε⋅+= GFRR                      (4.6) 
where ε is the applied strain and R0 is the initial resistance of each bridge.  These gauges 
are sensitive to both in-plane strains and bending strains.  For samples under uniaxial 
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tension, ε is the applied tensile strain; for sample under pure bending (i.e. bent around a 
cylindrical tube),  
r
h
2
=ε
                               
 (4.7) 
where h is the sample sheet thickness and r is the bending radius.  Simulation based on the 
equation (4.5) and the equation (4.6) agrees well with measured results, as illustrated in Fig. 
4.4 B and Fig. 4.8 B.  
  
4.3.2. Mechanical fatigue properties of µs-Si nanomembranes 
 
The mechanical fatigue properties of these devices are important to understand, due 
to the mechanically brittle nature of the silicon, and to the stresses that concentrate at the 
interface between the silicon and the underlying polyimide.  For this purpose, we 
measured the change in output voltage for many cycles of bending to various radii.  The 
results in Fig 4.5 C show that the changes in output voltages do not vary in any appreciable 
way to bending radii from 25mm to 12mm with up to 1000 cycles.  These data suggest 
mechanically robust construction and stable operation associated with µs-Si 
nanomembrane-based strain gauges.   
 
4.3.3. Temperature dependence of piezoresistive properties of µs-Si TFTs 
 
Another parameter of practical concern is sensitivity to variations in temperature.  
Generally, the ionized concentration in semiconducting materials, such as Si, is a strong 
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function of temperature.  Specifically, the active carrier concentration is exponentially 
proportional to the activation energy, Ea, and the temperature.  As temperature increases, 
qualitatively, the ionized dopant concentration increases and resistivity decreases.  In the 
case of silicon, however, dopants are almost fully ionized in the temperature regime which 
the strain gauge operates, and the temperature dependence of the carrier mobility is largely 
dominated by the phonon scattering.  As a result, resistivity increases as temperature 
increases [23].  Figure 4.6 A presents the resistance of a µs-Si resistor as a function of 
temperature.  The extracted temperature coefficient of resistance (TCR) of 1.5 × 10-3/oC is 
comparable to literature values for p-type silicon with ~1018/cm3 dopant concentration [18].  
Upon bending the specimen to a radius of 25 mm, however, the temperature coefficient of 
resistance (TCR) reduces to 7.0 x 10-4/oC, perhaps due to the carrier repopulation induced 
by valence band splitting [21].  The reduction of gauge factor in high temperature, as a 
consequence, is comparable to silicon resistors reported elsewhere [22].   
In Wheatstone bridge configuration, if all four legs of the strain gauge are identical 
(i.e. identical material, doping, dimension, and etc), then the temperature dependence 
effectively get cancelled out.  As shown in Fig. 4.6 B, same TCR associated with all four 
µs-Si resistors in Wheatstone bridge yields minimal temperature effect in the unstrained 
condition, although the temperature can affect the device performance in the strained state.  
As shown in Fig. 4.6, the voltage induced by bending to a radius of 25 mm or, equivalently, 
by applying 0.15% tensile strain overwhelms the voltage induced by changes in 
temperature for an operating range from 40oC to 80oC. 
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4.3.4. 6 x 6 strain sensing array using µs-Si nanomembranes as piezoresistive 
strain gauges and multiplexing components 
 
Electrically integrating these strain gauges with PN diodes can yield distributed 
networks of sensors with multiplexed readout (i.e. differential amplifier from Chapter 2) for 
large area applications.  An additional ILD layer (SU-8-2; microchem) resides between 
the first and second metal layers, to separate the bias and data lines.  For multiplexing, PN 
diodes are chosen over transistors, due to their relative simplicity in construction and 
operation.  Figure 4.1 shows the layout of such a system where anodes of two PN diodes 
are connected at the output nodes of each Wheatstone bridge.  In this structure, all 
Wheatstone bridges in each row shares a single bias line for one of their two input nodes, 
and all Wheatstone bridges in an array share a -3V bias line for their other input node (e.g. 
six rows require total of seven bias lines, i.e. six bias line for each row and one -3V bias 
line for the entire set.).  Each column also shares a line, which is connected to the cathodes 
of the PN diodes in that column.  Multiplexing operates by applying +3V to the input bias 
line of each row, in turn, while holding the bias of all the other rows at -3V.  Voltages at 
the output nodes of all Wheatstone bridges in this condition result in -3V except the one 
that indicates the strain-induced voltage, for the Wheatstone bridges in a row with +3 V 
input line.  This condition causes the diodes in all columns except the one at the ‘on’ row 
to be reversed biased.  As a result, the output from each column only has a contribution 
from the Wheatstone bridge that is biased ‘on’ in that column.  Optical images of the array 
are shown in Fig. 4.7 A and B.  Figure 4.7 C and D show the circuit schematic and the 
optical image of the single unit cell, respectively.  Fig 4.8 A presents the electrical 
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characteristic of integrated PN diodes.  The off current is 85 nA at a reverse bias of 1 V; 
the value passes 0 A at a forward bias of 0.1 V.  
Fig 4.8 B shows the operation of a multiplexed, 6x6 array of sensors, measured at 
various bending radii.  The red dots indicate the average output value from the array; the 
blue lines represent output voltage derived from the equation (4.2).  The sign of the output 
voltage depends on the stress condition (i.e. tensile or compressive) as shown on the graph 
where positive and negative bending radii, corresponding to tensile and compressive states, 
respectively, are indicated.  Fig 4.9 shows the operation of the array, operated in a spatial 
mapping mode, under tensile and compressive, and a combination of these two conditions, 
achieved by different bending configurations.  
 
4.4 Conclusion 
 
This chapter presents a flexible, strain mapping technology and multiplexing 
strategy that uses printed micro/nanostructures for single crystalline silicon for gauges and 
PN diodes on plastic substrates. Mechanical and electrical measurements show good 
stability and high sensitivity, well suited for many applications in structural health 
monitoring and others. Extensions of these ideas can be used with stretchable or curvilinear 
substrates, to address demanding requirements in strain mapping in biomedical applications. 
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4.6 Table 
 
 
 
Table 4.1 
 
Gauge factors of various metal-foil strain gauges. 
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4.7 Figures 
 
 
 
Figure 4.1 
 
Schematic illustration of a µs-Si strain sensor in the form of Wheatstone bridge (WB) and 
multiplexing diodes on a thin plastic substrate (Kapton; 75-µm thick) 
 
  
98 
 
 
 
Figure 4.2 
 
Secondary ion mass spectrometry (SIMS) results showing a boron impurity concentration 
of ~5 x 1018 /cm3 through entire thickness of µs-Si strain gauge. 
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Figure 4.3 
 
(A) Schematic illustration of a µs-Si resistor and Wheatstone bridge (WB) on a thin plastic 
substrate (Kapton; 75-µm thick).  (B) Top view optical micrograph of a representative 
WB and isolated µs-Si resistor.  (C) Circuit diagram of the WB.  A ±3 V input bias is 
applied between node B and D.  The voltage difference between node A and C correlates 
to the uniaxial strain. 
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Figure 4.4 
 
(A) Fractional change in resistance (∆R/R0) of a µs-Si resistor as a function of applied 
longitudinal tensile strain; the slope corresponds to a gauge factor of 43.  (B) Change in 
output voltage (∆Vout) from a WB as a function of uniaxial tensile strain.  (C) Contour plot 
of strain calculated by FEM in a µs-Si resistor and Wheatstone bridge (WB) for a strain of 
0.1% of applied to the polyimide substrate in the longitudinal direction.  
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Figure 4.5 
 
(A) Photograph of the testing platform to apply uniaxial tensile strain on the specimen.  (B) 
Photograph of the fatigue testing platform to bend the specimen to various bending radii 
continuously.  (C) Voltage output from a WB measured at different stages of fatigue 
testing, which involves 1000 bending cycles to different radii of curvature, R, indicated in 
the legend.  For current designs, the minimum bending radius is ~3 mm. 
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Figure 4.6 
 
(A) Fractional change in resistance (∆R/R0) of a µs-Si resistor as a function of temperature, 
from 40 oC to 80 oC, indicating a temperature coefficient of resistance (TCR) of 1.5 x 10-
3/oC and 7.0 x 10-4/oC for unstrained and strained condition, respectively.  (B) Change in 
output voltage (∆Vout) from a WB, as a function of various temperatures, from 40 oC to 80 
oC. 
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Figure 4.7 
 
(A) Optical image of a representative array on a plastic substrate (Kapton).  (B) Optical 
image of a representative array on a plastic substrate (Kapton).  (C) Circuit diagram of a 
single unit cell.  (D) Optical image of a single unit cell with Wheatstone bridge strain 
gauge along with multiplexing diodes. 
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Figure 4.8 
 
(A) Current-voltage characteristics of a PN diode with dimensions of 180 x 180 µm2 and a 
thickness of 300 nm.  The blue and red curves correspond to linear and semi-log plots.  
(B) Change in output voltage (∆Vout) from a WB as a function of bending radius; positive 
and negative radius corresponds to bending in the outward and inward directions, 
respectively.  The red dots and blue lines correspond to experimental measurements and 
modeling results, respectively.  
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Figure 4.9 
 
Operation of integrated array of µs-Si strain sensors, with ms-Si PN diodes for multiplexed 
addressing showing responses to bending in configurations that induce uniform tensile and 
compressive strains, and a combination of these two.  The bending radius is ~18 mm. 
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CHAPTER 5 
 
UNUSUAL STRATEGIES FOR USING InGaN GROWN ON SILICON (111) 
SUBSTRATE FOR FLEXIBLE AND STRETCHABLE OPTOELECTRONICS 
 
 This chapter presents unusual approach to develop flexible and stretchable lighting 
panels using micro-scale InGaN LED grown on silicon (111).  Section 5.1 presents an 
introduction to the chapter.  Section 5.2 illustrates the procedures to fabricate µ-ILED, 
unique self-aligned passivation process, and novel processes to integrate phosphors and to 
create stretchable array of µ-ILEDs.  Section 5.3 discusses electrical, optical, mechanical, 
and thermal properties of the system.  Significant components of Section 1.4 were 
published as H. –S. Kim*, E. Brueckner*, J. Song*, Y. Li, S. Kim, C. Lu, J. Sulkin, K. 
Choquette, Y. Huang, R. G. Nuzzo, and J. A. Rogers, “Unusual Strategies for using Indium 
Gallium Nitride grown on Silicon (111) for Solid-State Lighting,” Proc. Natl. Acad. Sci. 
U.S.A, 2011, 108, 25, 10072. 
 
5.1 Introduction 
 
InGaN-based blue LEDs hold a dominant position in the rapidly growing solid-state 
lighting industry [1-2].  The materials and designs for the active components of these 
devices are increasingly well developed due to widespread research focus on these aspects 
over the last one and a half decades.  Internal and external quantum efficiencies of greater 
than 70% [3] and 60% [3], respectively, with luminous efficacies larger than 200 lm/W [4] 
and lifetimes of >50,000 hours [5] are now possible.  High luminous efficacy of these 
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LEDs (i.e. 249 lm/W), compared to that of tri-phosphor fluorescent lamps (i.e. 90 lm/W), 
represents an appealing solution to more energy-efficient lighting systems [4]. In particular, 
electricity consumption for lighting potentially could be cut in half using solid-state lighting 
[2].  Although there remain opportunities for further improvements in these parameters, 
the emergence of LEDs into a ubiquitous technology for general illumination will rely 
critically on cost effective techniques for integrating the active materials into device 
packages, interconnecting them into modules, managing the accumulation of heat during 
their operation, and spatially homogenizing their light output at desired levels of 
chromaticity.  Existing commercial methods use sophisticated, high-speed tools, but 
which are based on conceptually old procedures that exploit robotic systems to assemble 
material mechanically diced from a source wafer, with collections of bulk wires, lenses, and 
heat sinks in millimeter-scale packages, on a device-by-device basis, followed by separate 
steps to form integrated lighting modules [6].  The intrinsic features of such processes 
prohibit cost competitive realization of some of the most appealing configurations of LEDs 
for lighting, such as those that involve large collections of ultra-small, thin devices 
distributed uniformly, but sparsely, over emissive areas of large modules that could serve as 
direct replacements for troffers currently used in fluorescent building lights.  Alternative 
techniques, such as those that use directed assembly of solution suspensions of LEDs, first 
reported nearly twenty years ago [7], appear interesting, but efforts to design commercially 
relevant manufacturing schemes have been unsuccessful.  Here we describe a set of 
procedures that aim to address the limitations of existing approaches in a different way, 
using ideas that extend our recent work in flexible electronics [8], information display [9], 
and photo-voltaics [10-11], to the area of solid-state lighting by introducing new materials, 
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etching strategies, interconnection methods, thermal management techniques, and schemes 
for wavelength conversion and light distribution.   
 
5.2 Experiment 
  
 The process begins with fabrication of µ-ILEDs array and removal of InGaN 
epitaxial material grown on silicon wafers with (111) orientation, using lithographically 
defined structures and anisotropic wet chemical etching, in ways that bypass conventional 
laser liftoff techniques and wafer dicing.  Schematic illustrations of the entire fabrication 
processes are shown in Fig. 5.1. 
 
5.2.1 Fabrication of µ-ILEDs 
 
This section describes methods for fabrication of µ-LEDs on GaN/InGaN layers 
which are epitaxially grown on silicon wafer with (111) orientation.  As shown in Fig. 5.2, 
the semiconductor layers include the active region consist of p-type GaN layer (110 nm of 
GaN:Mg), multiple quantum well (MQW) (5x InGaN/GaN:Si of 3 nm/10 nm), and n-type 
layer (1700 nm of GaN:Si).  Epitaxial layers of GaN grown on Si(111) have notoriously 
high defect densities owing to the high lattice mismatch and coefficient of thermal 
expansion (CTE).  Therefore, buffer and stain relieving layers of AlN:Si/GaN:Si (1900 
nm), GaN (750 nm), and AlN/AlGaN (300 nm) are used to retain high material quality. 
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The process of fabricating GaN µ-ILEDs starts with the photolithographic 
patterning and inductively coupled plasma reactive ion etching (ICP-RIE) to expose the n-
GaN layer.  The design layout µ-ILED array is shown in Fig 5.3.  µ-ILEDs are aligned 
such that subsequent anisotropic etching of underlying Si using KOH creates free-standing 
µ-ILED array tethered to the anchor bar with tiny breakaway anchors.  The photoresist 
(PR: AZ 5214, 4000 rpm, 30s) is coated on p-GaN layer which is the very top layer of the 
epitaxial layers grown on silicon wafer.  Spin-coated photoresist is then baked on the hot 
plate at 110°C for 60s.  The layer of photoresist is exposed to ultraviolet (UV) light 
through the mask aligner (Karl Suss MJB3) with the energy density of 78.5mJ/cm2, and 
developed (AZ 327 MIF developer, 45s).   
N-GaN layer needs to be exposed in order to make an ohmic contact for an 
electrical connection to this layer.  At the same time, however, it is critical to minimize the 
size of exposed n-GaN layer in order to maximize the light output.  It is because multi-
quantum well (MQW) layers are also etched by reactive ion etching GaN/InGaN layers to 
expose the n-GaN layer.  Etching the GaN can be achieved using ICP-RIE with BCl3 and 
Cl2 gases, with pressures of 3 mTorr and temperatures of 25°C. A two-step etching process 
is employed.  The first step consists of 15 sccm of BCl3 with RF power of 300 W and 
parallel plate DC voltage of 100 V for 90 seconds.  The second step consists of 15 sccm of 
Cl2 gas with RF power of 300 W and parallel plate DC voltage of 100 V for an additional 
120 seconds.  The target etching depth is about 350nm, which sufficiently deep to expose 
underlying 1700nm of n-GaN layer, using photo-lithographically patterned photoresist as 
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an etching barrier layer.  After the ICP-RIE etching of GaN, the photoresist is removed 
using acetone in an ultrasonic bath for about 120 seconds.   
Photoresist AZ5214 can be used either as a positive tone photoresist or as a negative 
photoresist.  In order to define the n-ohmic contact metal, AZ5214 is used as a negative 
resist utilizing the image reversal characteristic of the resist.  AZ5214 can be spin-coated 
at 5000 rpm for 30s and be baked on a hot plate at 110°C for 60s.  Then, the resist can be 
exposed to UV light with the energy density of 110mJ/cm2 at 365nm, with post-exposure 
bake (PEB) at 110°C for 65s.  Finally, flood exposure to UV light with the energy density 
of 400mJ/cm2 and develop in AZ MIF 327 developer for 35s create the desired patterned 
with negatively sloped sidewalls followed by a light O2 descuum for 45s in 250mTorr with 
20sccm of O2 under 50W.  More negatively sloped sidewalls can be achieved for easy lift-
off if developed in the developer for longer time (i.e. 5s~10s).   
The native oxide on the surface of n-GaN layer is removed in diluted Buffered 
Oxide Etchant (BOE) prior to the metal deposition.  Multiple layers of Ti/Al/Mo/Au with 
the thicknesses of 15nm/60nm/20nm/100nm are evaporated at the base pressure of <1 x 10-
6
 Torr and annealed at 860°C for 30 seconds under N2 environment to form an ohmic 
contact to the n-GaN. 
Partially transparent p-Ohmic contacts of Ni/Au are photo-lithographically 
patterned using the image reversal property of AZ5214 as mentioned above and e-beam 
evaporated with the thickness of 10nm/10nm.  Prior to the evaporation, the surface of p-
GaN is treated in HCl:DI = 3:1 for 5 minutes.  After the photoresist lift-off in acetone, 
evaporated Ni/Au layers are annealed at 500°C for 10 min in ambient air (80% Nitrogen 
and 20% Oxygen). 
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Image reversal with AZ5214 is also used to define the thick contact pad regions on 
both p-ohmic contact region and n-ohmic contact region.  These contact pads served not 
only as contact electrodes, but also as mask patterns for the self-aligned passivation process, 
which is described in the later part of this chapter.  As a thick contact pad, 
Ti(10nm)/Au(120nm) was deposited using an e-beam evaporator.  After deposition, PR 
was removed using acetone in an ultrasonic bath for 120 seconds. 
 
5.2.2 Mesa etching and undercut of µ-ILEDs 
 
Etching by ICP-RIE (i.e. mesa etch) defines the lateral dimensions of individual 
devices, in densely packed, arrayed layouts. A representative array of such devices appears 
in graphic illustration in Fig. 5.4 A, and in a corresponding scanning electron microscope 
(SEM) image in Fig. 5.4 B.  300nm of SiN, which serves as an etch barrier during the 
KOH undercut process, is deposited using an STS Multiplex PECVD system at a pressure 
of 650 mTorr, temperature of 300oC, and gas flow rates of N2/SiH4/NH3 = 1960/40/35 sccm.  
Mixed frequency RF power of 20 W, with frequencies of 13.56MHz for 6s and 380 KHz 
for 2s, is used to create near stress-free SiN layer.  On top of SiN film, AZ5214 is used to 
define the lateral dimensions of the µ-ILEDs and the geometries of the anchors.  
Ti(50nm)/Ni(450nm) is deposited using an e-beam evaporator.  After the deposition, the 
photoresist layer is removed using acetone.  Evaporated Ti/Ni layers now can serve as 
etch barrier for dry-etching the exposed layer of SiN and underlying epitaxial layers of 
GaN/InGaN/AlN/AlGaN.   
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SiN is then dry-etched using a parallel plate RIE (Unaxis/Plasma Therm) using 40 
sccm of SF6, 35 mTorr pressure, and 100 W RF power, with an etch rate of SiN of ~100 
nm/min, and GaN/InGaN/AlN/AlGaN epitaxial layers are all etched with a gas combination 
of BCl3/Cl2/Ar in inductively coupled plasma reactive ion etching (ICP-RIE, Plasma Therm 
SLR770).  Two etching steps are incorporated in etching GaN/AlN based epitaxial layers.  
The first step consists of 10 sccm of BCl3, 16 sccm of Cl2, and 4 sccm of Ar with RF coil 
power of 500 W and parallel plate DC voltage of 300 V for 60 seconds at the processing 
temperature of 25°C.  The second step consists of 20 sccm of Cl2 gas and 4 sccm of Ar 
with RF power of 500 W and parallel plate DC voltage of 260 V for an additional 8 min to 
completely etch the exposed epitaxial layers and to etch about 1µm deep into Si substrate, 
as shown in Fig. 5.4 C, for the purposes of release described next.   
The exposed sidewall of Si allows wet chemical (i.e. KOH or TMAH) to etch 
underlying Si anisotropically.  The procedure for releasing these devices from the 
underlying substrate exploits the large differences in rates (>100x) [15-16] for removing 
planes of Si(110) compared to Si(111) with wet chemical etching baths of potassium 
hydroxide (KOH) or tetramethylammonium hydroxide (TMAH).  To take advantage of 
this effect, the arrays are configured such that two sides of each device lie perpendicular to 
<110>.  The devices are tightly packed in this direction (i.e. spacing of 10 µm for this 
example, but with values that can be as small as 2 µm), and somewhat less so in the 
orthogonal direction (i.e. 40 µm shown here).  Immersion in a hot, aqueous solution of 
KOH rapidly removes silicon along the Si(110) planes exposed by the mesa etch, thereby 
undercutting the devices without etching into the depth of the silicon wafer.  Because the 
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etching proceeds only along <110>, relief structures of silicon remain in the orthogonal 
(<111>) direction between devices.  A pair of small supporting structures (i.e. breakaway 
anchors) of GaN, also defined during the mesa etch, connects each of the devices to the 
silicon in these regions (i.e. anchor bars), to yield freely suspended configurations after the 
KOH etching self-terminates on the (111) planes.   
A graphical illustration and corresponding SEM image appear in Fig. 5.5 A and Fig. 
5.5 B, respectively.  Figures 5.5 C shows magnified views of the breakaway anchor region 
after anisotropic silicon etching.  Anisotropic etching of Si is carried out in a bath of KOH 
solution at the elevated temperature of 90°C with an etching time of 45 minutes to fully 
undercut 100 x 100 µm2 µ-ILED.  After the undercut process is completed, Ti/Ni layers 
can be selectively etched away using appropriate etchants, and the scanning electron 
microscope (SEM) image is shown in Fig. 5.5 C. 
 
5.2.3 Transfer-printing of µ-ILEDs 
 
When implemented with fully-formed µ-ILEDs, deterministic assembly via transfer 
printing [12] allows high-throughput manipulation of devices with geometries that are 
orders of magnitude smaller than those compatible with robotic pick-and-place procedures.  
After the undercut, the devices can be removed, in a non-destructive, high-speed and 
parallel operation, using soft stamps and the techniques of transfer printing [12].  In this 
way, assembly into arrayed layouts on glass, plastic, or other classes of substrate can be 
achieved at room temperature, with throughputs of millions of devices per hour and 
114 
 
micron-scale positioning accuracy, in deterministic and adjustable ranges of pitch (Fig. 5.6) 
[9] over areas that can be much larger than those defined by the devices on the source wafer.  
The SEM images of Fig. 5.7 A-C show a progression of a representative device from 
delineation on a donor substrate, to removal and delivery onto a receiving substrate, 
respectively.  The µ-ILEDs formed in this manner have emission areas and thicknesses 
that can be up to 1600 times and 100 times smaller, respectively, than conventional devices 
(i.e. 1 x 1 mm2).  For these reasons, we refer to the devices as micro-scale inorganic light 
emitting diodes (µ-ILEDs), following previous reports on different materials systems [9, 
17].   
Transfer-printing of µ-ILEDs is carried out onto either glass or PET substrates using 
automated transfer-printer, as shown in Fig. 5.8, with PDMS stamp as a carrier.  Glass 
substrates are prepared by cleaving a slide into appropriate dimensions.  PET substrates 
are prepared by spin coating PDMS (10:1 weight ratio mixture of base to curing agent) on a 
glass slide, which is cleaved to appropriate dimensions, at 2000 rpm for 30 seconds and 
cured at 70°C for 3 hours.  The PET film is then laminated to the PDMS-coated glass 
substrate.  A thin-film adhesive is spin-coated onto the receiving substrate at 3000 rpm for 
30 seconds and soft-baked at 110°C for 1 min. 
 
5.2.4 Self-aligned formation of interlayer dielectric (ILD) and vias through “Back-
side Exposure (BSE) process” 
 
The small thicknesses of µ-ILEDs make them amenable to interconnect based on 
thin film metallization, to provide a high-speed, parallel alternative to traditional wire 
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bonds.  Practical challenges exist for applications in lighting, however, due to 
requirements on overlay and registration, especially for large area modules (i.e. troffer-
scale).  Fortunately, the properties of GaN devices allow a remarkably simple method for 
accomplishing precise registration, without the need for lithographic alignment or photo-
resist processing.   
In this “back-side exposure” (BSE) technique, both planarization and via formation 
occur simultaneously in a single-step, self-aligned process.  Here, the device structures 
themselves serve as a mask for photo-induced cross-linking of a polymer overcoat as 
shown in Fig. 5.9.  Figure 5.9 A and D show schematic illustrations and corresponding 
SEM images of a single 100 x 100 µm2 µ-ILED printed on a glass substrate, respectively.  
Spin-coating a photosensitive polymer (Dow Chemical, Benzocyclobutene (BCB), 
Cyclotene 4024-40 Resin) fully encapsulates the device (Fig. 5.9 B and E).  H-line 
radiation incident on the backside of the structure passes through the transparent substrate 
(e.g. glass or plastic) and the GaN (band gap ≈3.4 eV), to flood expose the polymer in all 
regions except those shadowed by the thick contact pads, shown in colorized gold in Fig. 
5.9 C and F.  Developing away the unexposed regions leaves a pattern of polymer with 
openings at the contacts, and with positively sloped sidewalls for conformal deposition of 
interconnect metal.   
Due to the encapsulating nature of the polymer coating, requirements on registration 
for interconnects are greatly relaxed compared to those for the contact pads themselves.  
In particular, the relevant length scale for registration decreases from roughly the size of a 
contact pad to the size of an entire device. This improvement corresponds to a factor of four 
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for the case considered here with 25 x 25 µm2 contact pads, but could be as large as a factor 
of 20 with 5 x 5 µm2 contact pads. This method is amenable to interconnecting large 
numbers of µ-ILEDs over large area arrays (e.g. 396 µ-ILEDs over ~12 cm2 in Fig. 5.10 C), 
shown here for arrays integrated on PET (Fig. 5.10 A) and on glass (Fig. 5.10 B and C) 
substrates, and for exceptionally small devices. 
Benzocyclobutene (BCB) used in the experiment has relatively broadband 
sensitivity, which makes it an ideal choice for BSE process described above.  BCB, 
however, requires relatively high curing temperature (i.e. >210°C) and has slight amber 
color.  SU-8, on the other hand, has relatively lower curing temperature (i.e. ~150°C) and 
has high transparency in the visible spectrum.  One notable feature of SU-8 that makes it 
incompatible with BSE process is its absorption characteristics.  SU-8 is originally 
designed as an I-line resist.  As a result, its light absorption characteristic drops 
significantly in the wavelength >365nm (i.e. the absorption coefficient of unexposed SU-8 
at 436 nm is about 1/3 of that at 405nm and 1/12 of that at 365 nm) [34].  Although the 
absorption coefficients at 405nm or at 436nm are considerably smaller than that at 365nm, 
sufficient expose dose can be obtained simply by increasing the exposure time.  
Furthermore, a sheet of 5mm-thick PMMA (i.e. Acrylic) can effectively filter out the 
wavelength below 365nm.  Finally, the light de-scuum process (i.e. 200mTorr with 
20sccm/sccm of O2/CF4 at 100W for 90 seconds) removes residual resist layer.  
 
5.2.5 Fabrication of YAG:Ce-filled PDMS membranes for an integration with an 
array of µ-ILEDs. 
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Blue-emitting InGaN/GaN LED can be incorporated with YAG:Ce-based phosphors 
to emit a white light.  The emission from InGaN/GaN LED excites YAG:Ce to emit broad 
spectrum of yellow light, and the combined system emits white light by mixing a blue 
emission from InGaN/GaN LED and a yellow emission from the phosphor.  In this system, 
phosphors must be dispersed uniformly to generate uniform white light.  As it is shown in 
Fig. 5.10 A and B, µ-ILEDs are transfer printed onto a glass or plastic substrate with a 
sparse arrangement, and it is terribly inefficient if the uniform layer of YAG:Ce phosphor is 
dispersed across the entire surface.  Thus, it is most efficient to place YAG:Ce phosphor 
only where it is needed (i.e. directly above µ-ILEDs in the array.  The process for 
constructing these systems follows two parallel routes: (i), µ-ILED fabrication, array 
assembly, and interconnection using a thin, PET substrate similar to the one in Fig. 5.10 A, 
but with interconnects patterned such that 90% of each device is covered by reflective 
metal (Al:500 nm), and the remaining 10% comprises the separation of leads to the p- and 
n- contacts; and, (ii), generation of a separate, patterned array of phosphor tiles matching 
the spatial geometry of the printed devices, on a soft, flexible sheet of the elastomer 
poly(dimethylsiloxane) (PDMS).   
The design of this second sub-module is important because it allows the use of 
phosphor only where required, i.e. directly above each of the µ-ILEDs in the array.  A 
schematic representation of the processing steps appears in Fig. 5.11.  The substrate, 
which consists of a thin sheet of PDMS embossed with an array of square wells of relief, 
can be molded from the master substrate with an array of patterned SU-8 layers.  The 
master substrate, first, is spin coated with SU-8 50 at various speed (i.e. 1800 rpm, 1600 
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rpm, 1250 rpm for SU-8 film thickness of 60 µm, 80 µm, and 105 µm, respectively) for 30 
secs and baked at 95°C for 10 minutes to dehydrate the solvent.  The layer of SU-8 can be 
photolithographically patterned with exposure dose of 432 mJ/cm2, 513 mJ/cm2, and 583 
mJ/cm2 at 365nm for 60 µm, 80 µm, and 105 µm-thick SU-8 films, respectively.  Post 
exposure baking at 95°C for 11 minutes followed by developing in SU-8 developer for 12 
minutes creates the desired SU-8 patterns on the master substrate.  In order to render SU-8 
to chemically and mechanically stable resin, curing processing is done at 180°C for 10 
minutes.  Treating the master substrate with tridecafluoro-1,1,2,2-tetrahydrooctyl 
trichlorosilane for 2 hr in air-tight container finishes the fabrication of the master substrate. 
The substrate consists of a thin sheet of PDMS embossed with an array of square 
wells of relief can be casting 10:1 mixture (base to curing agent) of uncured PDMS over 
SU-8 patterned master substrate and cured at 70°C for 3 hours.  A slurry incorporating a 
cerium-doped yttrium aluminum garnet phosphor (Intematix, NYAG-1) in an uncured 
PDMS matrix uniformly disperses the phosphor particles (Fig. 5.12), in a manner that 
allows their delivery to the wells using a doctor blade.  Thermally curing the slurry 
completes this part of the fabrication process.  Figure 5.12 shows optical microscope 
images of relief features filled with a PDMS/phosphor slurry (left column) and filled with 
the phosphor powder only (right column).  Compared to the “dry filling” method, the 
PDMS/phosphor slurry provides excellent dispersion and uniformity of phosphor in the 
PDMS matrix. 
 
5.2.6 Fabrication of Stretchable µ-ILED array. 
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Stretchable µ-ILED array using GaAs-based red µ-ILEDs has been previously 
demonstrated [17].  In the fabrication process for that work uses PMMA as a sacrificial 
layer for undercut process in a boiling acetone.  Although the process has been proven to 
be quite useful for many applications in a field of stretchable electronics [8, 9, 17, 31, 32], 
it can have inevitable shortcoming when scaling up the process to larger platform is 
required.  The fact that PMMA undercut process requires relatively long etching time (~ 
15 minutes) in vigorous environment (i.e. in a boiling acetone) can pose a problem such as 
fracturing of mechanically flimsy components (e.g. serpentine bridges).  Furthermore, 
without any mechanical support to hold the membrane in place during the undercut process, 
the membrane can easily be delaminated from the substrate and get tangled after the 
PMMA is fully undercut.  In order to scale up the process, more robust set of procedures 
must be proposed that eliminates the solution-based undercut process. 
Figure 5.13 illustrates the fabrication procedures for creating stretchable array of µ-
ILED array in a way that aims to address the limitations of existing approaches to 
stretchable electronics.  The fabrication process starts out by laminating an ultrathin 
(~2.5µm) PET film on PDMS-coated glass substrate.  PDMS is coated on the glass 
substrate at 3000 rpm for 30 seconds and is cured at 70°C for 2 hours and then at 180°C for 
1 additional hour.  After the lamination of an ultrathin PET film, µ-ILED array is formed 
by following the procedure similar to the ones described in the section 5.2.2 and 5.2.3. 
Interconnected µ-ILED array are passivated with another layer of a polymer (i.e. 
same polymer used for BSE process; SU-8) to place the µ-ILED arrays in the neutral 
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mechanical plane (NMP).  After the passivation is completed, Cr/Al (10nm/100nm) is 
sputter-deposited and photolithographically patterned.  The Cr/Al layers serve as an etch 
mask for final polymer etching.  Exposed polymer (i.e. SU-8) along with an ultrathin 
(~2.5 µm) PET film are dry-etched using 20sccm/3sccm of O2/CF4 gases at 200mTorr with 
175W for 20 minutes.  Stretchable membranes containing µ-ILED arrays are patterned 
and defined down to PDMS layer.  These membranes can now be transfer-printed onto 
other arbitrary substrates (e.g. elastomer, fabrics, and etc) using either PVA-based water 
soluble tape (3M) or thermal release tape (Nitto Denko) as shown in Fig. 5.14. 
This process completely removes wet undercut process which makes it more 
commercially relevant manufacturing scheme with larger degree of freedom in structure 
designs (i.e. membrane geometries) than previously reported process. 
 
5.3 Results and Discussion 
 
5.3.1 Electrical characterization of ohmic contacts to n-GaN and p-GaN using TLM 
technique. 
 
For ohmic contacts to n-GaN, multiple layers of Ti/Al/Mo/Au 
(15nm/60nm/20nm/100nm) are employed.  In this metal stack, Ti serves as an adhesion 
layer.  Since Al has lower work function than most common metals, Ti/Al combination is 
used widely as an ohmic contact to n-GaN.  Al, however, has low melting temperature (i.e. 
~ 660°C) and it is susceptible to easy oxidation at elevated temperature [14].  Mo has 
significantly higher melting temperature (i.e. 2623°C) than most metals.  In other words, 
Mo can be used as a barrier layer to prevent diffusion of Ti/Al to surface and surface 
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oxidation [14].  Since Au has low resistance and has less than 1% solubility in Mo, it is 
perfectly mated to Mo. 
Transmission Line Method (TLM) characteristic of Ti/Al/Mo/Au contact to n-GaN 
is shown in Fig 5.10 A.  TLM is the standard approach to characterize ohmic properties of 
contact metals to the semiconductor.  In TLM, contact pads with an identical size are 
linearly arranged with different spacing and by measuring the resistance between a contact 
pad and adjacent pad, a plot of resistance as a function of pad spacing can be obtained.  As 
depicted in Fig. 5. 10, overall total resistance increases linearly as the spacing increases.  
Total resistance is simply a sum of two contact resistance and the resistance of GaN layer 
as shown in the equation (5.1). 
GaNContactTotal RRR +⋅= 2     (5.1) 
where ContactR  is the contact resistance and A
LR GaNGaN ρ=  which is proportional to 
length (i.e. spacing between pads).
 
By extrapolating the change of resistance down to 0 spacing, total contact 
resistance (i.e. L=0 and ContactTotal RR ⋅= 2 ) can be extracted as shown in Fig. 5.15.  
Furthermore, by considering the sheet resistance of underlying semiconductor and the 
transfer length, the specific contact resistance can be extracted [30].  In the case of 
Ti/Al/Mo/Au contact to n-GaN, the specific contact resistance of as-deposited ohmic 
contact is 5.4 x 10-5 Ωcm2.  After annealing at 860°C, the specific contact resistance 
improves to 1.1 x 10-5 Ωcm2.   
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The equation (5.1) is greatly simplified under the assumptions that the variations in 
thickness, sheet resistance, and resistivity of GaN are negligible.  In a reality, however, it 
is not always true.  In the case of TLM characterization on n-GaN, sufficient thickness (i.e. 
1.7µm) coupled with the highly ionized dopant (i.e. Si) makes the variation somewhat 
insignificant.  However, in the case of TLM characterization on p-GaN, insufficient 
thickness (i.e. 110nm) of p-GaN layer and lower activation ratio of dopant (i.e. Mg) in p-
GaN make above assumption highly incorrect.  As shown in Fig. 5.1, Mg-doped p-GaN 
layer is merely 110nm whereas Si-doped n-GaN layer is over 1700nm.  As a result, the 
sheet resistance in p-GaN becomes significantly larger than the contact resistance.  Hence, 
the specific contact resistance for p-GaN layer cannot be accurately extracted.  Therefore, 
TLM characterization of Ni/Au ohmic contact to p-GaN is carried out qualitatively to 
compare the different processing conditions for the purpose of process optimization. 
Due to the lower activation ratio of Mg in p-GaN, ohmic property for p-GaN is 
much more sensitive to the processing conditions than that of n-GaN [31].  Figure 5.15 B 
illustrates the ohmic characteristics of Ni/Au contact to p-GaN for different annealing 
conditions using TLM technique, and shows that the annealing under ambient environment 
(i.e. 80% N2 and 20% O2) at 500oC for 10 mins gives the best ohmic characteristic. 
 
5.3.2 Electrical and optical characterizations of µ-ILEDs with various sizes. 
 
 µ-ILEDs can be fabricated into various sizes.  To illustrate the versatility, Fig. 
5.16 A-D show SEM images of exemplary µ-ILEDs with various sizes from (A) 25 x 25 
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µm2, (B) 50 x 50 µm2, (C) 75 x 75 µm2, and (D) 150 x 150 µm2.  The sizes of the smallest 
and largest devices are limited by the resolution in device processing (i.e. lithography and 
mesa etching) and by degradation of etch-resist layers during silicon etching, respectively.  
The current density–voltage (J-V) characteristics of these µ-ILEDs show a noticeable 
increase in J as the size of µ-ILEDs decreases (Fig. 5.17 A).  This behavior might be 
attributed to superior current spreading in small devices [18].  The electrical and optical 
properties are unaltered by the processing, as shown in Fig. 5.17 B.  Current-voltage 
characteristics of 100 µ-ILEDs from an array, as shown in Fig. 5.18 A, exhibit excellent 
uniformity.  For example, less than 100mV difference in the forward voltage is shown at 
3mA current.  An array consists of 100 µ-ILEDs in a hexagonal arrangement (e.g. equal 
spacing between all µ-ILEDs) are shown in Fig. 5.18 B.  It is also important for µ-ILEDs 
on the flexible substrate to retain its electrical properties upon bending.   The small, thin 
geometries also provide enhanced mechanical bendability (Fig. 5.19) [19].  Figure 5.19 A 
and B illustrates electrical properties (i.e., I-V characteristics and forward voltage at 10mA 
of current) of printed µ-ILEDs on a 50µm-thick PET substrate under various bending radii 
and bending cycles.  In particular, the I-V characteristics of a typical µ-ILED do not 
change in any measurable way for a bending radius down to 5.9 mm and up to 1000 
bending cycles. 
 
5.3.3 Thermal characterization and FEM simulation of µ-ILEDs with various sizes. 
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The thermal benefits of the type of layout in Fig. 5.18 B are critically important, due to 
the adverse effects of excessive heating that can occur in devices with conventional sizes 
(e.g. 1 x 1mm2) in the absence of bulk, or miniature, heat sinking structures [20-21].  
Quantitative study shows that for the sparse µ-ILED designs, the electrical interconnects 
can also serve simultaneously as effective heat sinks.  This system is examined using both 
analytical treatments and rigorous finite element methods (FEM) simulations.  For the 
former, the approximately axi-symmetric nature of the system allows a precise analytical 
study of the thermal transport properties.  A half space with built-in disk heat source is 
used to model the system.  The cylindrical coordinate system is set such that the origin is 
coincident with the center of the heat source.  The radius of the disk heat source is r0 = 56 
µm to yield the same area as the square µ-ILED with dimensions of 100 x 100 µm2.  
Schematic illustration of the device geometry and parameters used in the analytical model 
of heat flow is shown in Fig. 5.20 A, which shows the thicknesses H, thermal conductivity 
k, (the subscripts denote metal interconnect, BCB, µ-ILED, and glass, respectively), and 
surrounding temperature T
∞
.  The heat source is modeled as a disk with a radius r0, and 
total heat generation Q, which is approximately equal to the input power to the µ-ILED that 
does not result in light emission [22].  The steady-state axisymmetric heat conduction in 
cylindrical coordinates is 
 
2 2
2 2
1 0T T T
r r r z
∂ ∂ ∂
+ + =
∂ ∂ ∂
,  (5.2) 
Setting T Tθ
∞
= − , where T
∞
 is the remote temperature, the above equation is equivalent 
to 
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θ θ θ∂ ∂ ∂
+ + =
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,  (5.3) 
The boundary conditions include the free convection ( )d
dm
Tk h T T
z
∞
− = −  at the top (air-
interconnect) surface, and constant temperature T T
∞
=
 at the bottom (glass) surface, 
where h is the coefficient of natural convection.  The continuity of temperature and heat 
flux across interconnect-BCB interface requires [ ] 0T =  and 0Tk
z
∂ 
= ∂ 
, where [] stands 
for the discontinuity between two adjacent layers.  The above continuity conditions also 
hold at other interfaces.  Heat generation requires 2
0
T Qk
z rpi
∂ 
= ∂ 
 ( 0r r≤ ) across the top 
and bottom surfaces of µ-ILED.  Boundary and continuity conditions are as follows: 
(1) 1g Lz H H h= − − =  (Glass bottom surface): 
 
1
0g z hθ = =  (5.4) 
 
 (2) 0z =  (BCB-glass interface): 
Downward heat flux  
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Upward heat flux 
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− = = 
>∂ 
 (5.6) 
Here the heat flux satisfy the following conditions 
126 
 
 
2 2
1 0 2 0q r q r Qpi pi+ = , (5.7) 
 
00g b zz
θ θ
==
= ,  
0 0
b g
0, 0,
gb
z r r z r r
k k
z z
θθ
= ≥ = ≥
∂ ∂ 
− = −  ∂ ∂   
 (5.8) 
where gk  and bk  are the thermal conductivities of glass and BCB, 0r  is the equivalent 
radius of LED and Q  is the total heat generated in the LED. 
(3) 2bz H h= =  (BCB-interconnect interface):  
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b mz h z hθ θ= == , 
2 2
b m
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− = −
∂ ∂
 (5.9) 
where mk  is the thermal conductivity of metal interconnect. 
(4) b m 3z H H h= + =  (Interconnect-air interface): 
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 (5.10) 
where h  is the coefficient of convection at the lower surface of a plate. 
. 
Equation (5.3) is solved via the Hankel transform, for which the following transform 
pair of the first kind is used, 
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 (5.11) 
where ( ),r zϕ  is the original function and ( ), zϕ ξ  is the transform. 
The Hankel transform of (5.3) is  
 
2
2
2
d 0
dz
θ ξ θ− =  (5.12) 
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for which the solution is obtained as 
 e ez zA Bξ ξθ −= + , (5.13) 
and the heat flux is 
 ( )e ez zk k A B
z
ξ ξθ ξ −∂− = −
∂
 (5.14) 
where A and B  are two unknown functions to be determined according to boundary and 
continuity conditions.  The temperature and heat flux are obtained as 
 ( ) ( )00 e e dz zA B J rξ ξθ ξ ξ ξ∞ −= +∫  (5.15) 
 ( ) ( )00 e e dz zzq k k A B J rz ξ ξ
θ ξ ξ ξ ξ∞ −∂= − = −
∂ ∫  (5.16) 
The boundary and continuity conditions can also be expressed in Hankel transform. 
Using equations (5.13 - 5.16), the two unknowns A and B for each layer can be solved.  
For glass, 
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For BCB,  
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For interconnect, 
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The temperature in each layer can be obtained by the equation (5.15).  For example, the 
temperature in interconnect is given by 
 ( ) ( ) ( )00, e e dz zm m mT r z T A B J rξ ξ ξ ξ ξ∞ −∞= + +∫ . (5.20) 
The interconnect surface temperature is then obtained by setting z = h3. The 
interconnect surface temperature is obtained as 
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where 
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with  0J  and 1J  being the Bessel functions of order 0 and 1, respectively.  The µ-
ILED temperature can be approximately by its average value over the entire active 
region as 
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pi ξ
∞ +
∞
= + −∫ . (5.22) 
The thermal conductivity of Al decreases as the film thickness decreases [26-29] as 
shown in Fig. 5.20 B, which is extracted from several references.  For this model, the 
thermal conductivity of Al is used as a fitting parameter, but with constraints to 
approximate the literature values.  In the case of 300nm and 1000nm Al interconnects, the 
thermal conductivities of 70 W/m/k and 160 W/m/k, respectively, are used in the model.  
These values were compared with reported values from the literatures to make sure they are 
within the reasonable range as depicted in Fig. 5.20 B. 
A 3D finite element model is established to study the temperature distribution in the 
LED system and validate the analytical model.  Eight-node, hexahedral brick elements in 
the finite element software ABAQUS are used to discretize the geometry.  A volume heat 
source is applied on the µ-ILED.  The thermal convection boundary is applied at the air-
interconnect interface and a constant temperature is applied at the bottom of the glass 
substrate.  For LED arrays, a ¼ unit cell is used to take advantage of symmetry and 
periodic boundaries are applied.  This analytical treatment agrees well with full three-
dimensional FEM simulations as shown in Fig. 5.21.  The differences between 
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temperatures in the equation (5.21) and (5.22) and FEM simulations are less than 3% for µ-
ILED sizes from 10µm to 100 µm with a 1000nm-thick interconnect at a power density 400 
W/cm2.  The coefficient of natural convection is h = 25 W/m2/°C [23].  Other conditions 
in experiments include the surrounding temperature T
∞
= 50°C, thickness and thermal 
conductivity Hb =1µm, kb = 0.3W/m/°C for BCB [24]; Hg=800 µm, kg = 1.1 W/m/°C for 
glass [25]; HL = 5 µm for µ-ILED. 
The left and right frames of Fig. 5.22 A-D show a set of experiments involving 
infrared thermal imaging of temperature distributions (QFI Infra-Scope Micro-Thermal 
Imager) and analytical predictions, respectively.  These experiments compare surface 
temperatures for cases of Al interconnects with thicknesses of 300 nm and 1000 nm (i.e. 
Fig. 5.22 A and B for 300 nm and Fig. 5.22 C and D for 1000 nm), for input power ranging 
from 7.8 mW to 43.2 mW (i.e. power density ranging from 78 W/cm2 to 432 W/cm2).  
Figure 5.22 E presents surface temperatures as a function of power, where analytical model 
results (lines) agree very well the experimental measurements (symbols) for devices with 
these two interconnect thicknesses. 
The results of Fig. 5.22 clearly show pronounced decreases in the temperatures with 
thicker Al interconnects, thereby demonstrating that the interconnects themselves serve a 
dual role as efficient heat sinks by accelerating the rates of lateral thermal diffusion.  
These effects can be attributed predominantly to the significant thermal mass of 
interconnects compared to the µ-ILEDs, and to their higher thermal conductivities.  As a 
consequence, both the thickness of interconnects and the size of the devices are important.  
A theoretical parametric study, summarized in Fig. 5.22 F, shows the surface temperatures 
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at a constant heat flux density of 400 W/cm2, as a function of these two variables.  Clearly, 
the temperature can be greatly reduced by decreasing the sizes of the LEDs and by 
increasing the thicknesses of interconnects.  As a particular example, consider a 
conventional, macro-size LED (i.e. 1 x 1 mm2) and an array of 100 µ-ILEDs (i.e. 100 x 100 
µm2) at a spacing of 2 mm on otherwise identical platforms, both at total input power 
densities of 400 W/cm2. The method of superposition is used to determine the temperature 
of µ-ILED arrays based on the solution for a single LED (i.e.
( ) ( ), ,array i
i
T r z T T r z T
∞ ∞
= + −  ∑ , where ( ),iT r z
 
is the temperature distribution due to 
ith µ-ILED).  The surface temperature distributions for a macro-size LED and µ-ILED 
array with spacing 2 mm are shown in Fig. 5.23 A and B, respectively.  The maximum 
temperature occurs at the center of the array and it decreases with increasing spacing (Fig. 
5.23 C).  The conventional LED would reach a temperature of over 1000°C whereas the 
array of µ-ILEDs would operate at ~100°C (Fig. 5.23 D).  In real devices, the 
conventional LED would be completely destroyed under these conditions, thereby 
motivating the requirement for advanced heat sinking structures of the type that are 
presently in use commercially.  By contrast, the µ-ILEDs experience temperatures that 
enable stable operation, without any additional components. 
 
5.3.4 Integration of YAG:Ce phosphors and an array of µ-ILEDs. 
 
To demonstrate integrated sources of white light that exploit these unique 
capabilities, we developed schemes for integrating phosphors, patterned into small tiles, 
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with arrays of µ-ILEDs and thin-film optical diffusers.  As an example, we built a flexible 
lighting device that incorporates an amount of active material equal to that of a single, 
conventional 1 x 1 mm2 LED, but spread sparsely across an area of ~300 mm2 at an areal 
coverage corresponding to ~0.3% to optimize the thermal and optical properties (Fig. 5.18 
B).  Emission spectra of white µ-ILEDs are shown in Figure 5.24 B with phosphor layer 
thicknesses of 60 µm, 80 µm, and 105 µm.  Soft contact lamination against a patterned, 
interconnected array of µ-ILEDs yields white light output, with chromaticity that can be 
tuned by controlling the well depth using slurries at a constant phosphor-in-PDMS weight 
loading (37.35 wt%).  Chromaticity data at different phosphor thicknesses appear in a CIE 
1931 color space diagram in Fig. 5.25.  As expected, the chromaticity follows an 
approximately linear path between the limits of the blue emission of the µ-ILED and 
yellow emission of the phosphor with increasing thickness.  For this PDMS-phosphor 
composition we obtain CIE coordinates of x=0.321 and y=0.376 with a phosphor thickness 
of 80 µm. 
The LED component of the system consists of 100 µ-ILEDs, each 100 x 100 µm2, 
in a hexagonal array, printed with an inter-device spacing of 2 mm, set to exceed the 
characteristic thermal diffusion length in this system.  Figures 5.26 A and B show images 
of the array before and after lamination against a sheet of patterned phosphor, respectively.  
(In this layout, the PET substrate provides a spacer between the µ-ILEDs and the phosphor 
tiles.)  To complete the fabrication, a thin plastic diffuser film laminates onto the array to 
achieve diffuse, larger area emission, as in Fig. 5.26 C.  This sparse array of printed µ-
ILEDs provides an effective illuminated area >100 times larger than the area of a traditional 
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LED die, in a way that uses the same amount of InGaN in a configuration that has strong 
optical and thermal benefits.  
 
 
5.4 Conclusion 
 
The strategies reported here incorporate advanced ideas in etching to release thin 
devices, self-aligned photo-exposures to form metal features that serve simultaneously as 
electrical interconnects and thermal heat spreaders, a novel process to fabricate stretchable 
µ-ILED array, and module designs that include thin, patterned phosphors with film 
diffusers.  This collection of procedures, combined with analytical models of heat flow, 
create new design opportunities in solid state lighting.  Although all of these processes 
were combined to yield integrated systems, each can be implemented separately and 
matched to existing techniques for certain steps, to add new capabilities to otherwise 
conventional module designs.  For example, the same concepts can be applied to active 
materials derived from epitaxial growth on sapphire substrates.  These and other 
possibilities might represent interesting directions for future work. 
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5.6 Figures 
 
 
Figure 5.1 
 
Schematic overview of the fabrication process. 
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Figure 5.2 
Schematic illustration of epitaxial stack of InGaN MQW LED on Si (111) wafer. 
  
 Figure 5.3 
Schematic illustration of design layout and dimension
wafer.  
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 of InGaN MQW µ-LED on
 
 Si (111) 
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Figure 5.4 
(A) Schematic illustration of arrays of InGaN µ-ILED arrays before anisotropic etching of 
the near-interfacial region of a supporting Si (111) wafer.  The colors correspond to the 
InGaN (light blue), the contact pads (gold), and a thin current spreading layer (red).  (B) 
SEM images of a dense array of µ-LEDs on a Si (111) wafer after the mesa etching but 
before the anisotropic etching process.  The insets provide magnified views (colorized 
using a scheme similar to that in A).  (C) SEM images of the region of the µ-LED 
structure that connects to the underlying silicon wafer after the mesa etching.  Break-away 
anchor serve as fracture point during retrieval of µ-ILEDs from Si (111) wafer.  
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Figure 5.5 
(A) Schematic illustration of arrays of InGaN µ-ILED arrays after anisotropic etching of 
the near-interfacial region of a supporting Si (111) wafer.  The colors correspond to the 
InGaN (light blue), the contact pads (gold), and a thin current spreading layer (red).  (B) 
SEM images of a dense array of µ-LEDs on a Si (111) wafer after the anisotropic etching 
process.  The insets provide magnified views (colorized using a scheme similar to that in 
A).  (C) SEM images of the region of the µ-LED structure that connects to the underlying 
silicon wafer after the undercut.  Break-away anchor serve as fracture point during 
retrieval of µ-ILEDs from Si (111) wafer. 
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Figure 5.6 
Scanning electron microscopy (SEM) images of µ-ILEDs on (A) donor substrate after 
KOH undercut process, (B) donor substrate after transfer-printing process, and (C) 
receiving substrate (i.e. glass) after the transfer-printing process.  µ-ILEDs are transfer-
printed onto a glass substrate with varying pitches ranging from 25µm to 500µm. 
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Figure 5.7 
SEM images of a representative µ-ILED, shown in sequence, (A) after undercut, (B) after 
removal from the Si wafer, and (C) after assembly onto a receiving substrate (colorized for 
ease of viewing). 
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Figure 5.8 
Photograph of automated transfer-printer 
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Figure 5.9 
Schematic illustration (A-C) and corresponding SEM images (D-F) of the “Back-side 
Exposure” process for a representative InGaN µ-ILED, shown in sequence, (A and D) after 
assembly onto a optically transparent substrate (e.g. glass or plastic), (B and E) after spin-
coating a photo-sensitive polymer, and (C and F) after self-aligned via formation using a 
back-side exposure process.  The colorized regions correspond to the contact pads (gold), 
and a thin current spreading layer (red). 
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Figure 5.10 
Optical images of various lighting modules based on arrays of µ-ILEDs (A) plastic and (B 
and C) glass substrates. 
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Figure 5.11 
 
Schematic illustration of the process for fabricating flexible, white lighting modules, 
achieved by integrating patterned, encapsulated tiles of YAG:Ce phosphor islands with 
arrays of InGaN µ-ILEDs. 
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Figure 5.12 
 
Optical microscopy images of relief features filled with a PDMS/phosphor slurry (left 
column) and filled with the phosphor powder only (right column).  
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Figure 5.13 
 
Process schematic for stretchable µ-ILED array.  (A) An ultrathin (~2.5 µm) PET film is 
laminated on PDMS-coated glass substrate.  (B) µ-ILEDs are transfer-printed, passivated 
with SU-8 5 via BSE process and interconnected via conventional edge-over metallization.  
(C) A layer of SU-8 2 is coated in order to place µ-ILED arrays in the neutral mechanical 
plane (NMP). Cr/Al layers are deposited and patterned to serve as an etch mask for etching 
of exposed polymers.  (D) Polymers are dry-etched completely exposing underlying 
PDMS-coated glass substrate.  Cr/Al layers are removed.  (E) Transfer-printed using 
water soluble tape or thermal release tape. 
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Figure 5.14 
 
Stretchable µ-ILED array printed on (A, C, D, and E) fabrics and (B) elastomer. 
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Figure 5.15 
(A) Plot of total resistance of Ti(15nm)/Al(60nm)/Mo(20nm)/Au(100nm) to n-GaN at 6 
different pad spacing of 3.5µm, 5µm, 10µm, 15µm, 20µm, and 25µm.  (B) Plot of total 
resistance of Ni(10nm)/Au(10nm) to p-GaN with different annealing condition (i.e. black: 
15 minutes and red: 10 minutes) at 4 different pad spacing of 2.5µm, 7.5µm, 12.5µm, and 
17.5µm. 
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Figure 5.16 
Scanning Electron Microscope (SEM) Images of arrays of released InGaN µ-ILEDs with 
dimensions from (A) 25 x 25 µm2, (B) 50 x 50 µm2, (C) 75 x 75 µm2 to (D) 150 x 150 µm2.  
The colorized regions correspond to the contact pads (gold), and thin current spreading 
layers (red). 
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Figure 5.17 
 
(A) Corresponding current density-voltage (J-V) characteristics for µ-ILEDs with the 
dimensions shown in Fig. 5.10.  The inset provides a plot of current density as a function 
of µ-ILED area, measured at 6V.  (B) Current density-voltage (J-V) characteristics and 
emission spectrum (inset) of a representative device before undercut etching on the Si 
wafer, and after assembly onto a glass substrate.  
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Figure 5.18 
 
(A) Current-voltage (I-V) characteristics of 100 µ-ILEDs from an array.  (B) Optical 
image of an array consists of 100 µ-ILEDs. 
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Figure 5.19 
 
(A) Forward voltage at 10 mA of current and corresponding current-voltage characteristics 
(inset) for representative µ-ILEDs printed on a PET substrate measured for varying bending 
radii. (B) Forward voltage at 10 mA of current and corresponding current-voltage 
characteristics (inset) for representative µ-ILEDs printed on a PET substrate measured for 
repetitive cycles. 
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Figure 5.20 
 
(A) Schematic illustration of the device geometry and parameters used in the analytical 
model of heat flow.  (B) Reported thermal conductivities of a thin-film Al from several 
references. 
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Figure 5.21 
 
Inset provides comparison between analytical solution and FEM simulations on the surface 
temperature as function of LED size ranging from 10 x 10 µm2 up to 100 x 100 µm2. 
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Figure 5.22 
 
(A-D) Temperature distributions for isolated InGaN µ-ILEDs with Al interconnects (300 
nm and 1000 nm thick for (A and B) and (C and D), respectively) at input powers of (A) 
7.8mW, (B) 16.4mW, (C) 8.4mW, and (D) 18.0mW captured using a QFI Infra-Scope 
Micro-Thermal Imager (left) and calculated by analytical models (right).  (E) Surface 
temperature for µ-ILEDs with Al interconnect thicknesses of 300 nm (black) and 1000 nm 
(red) extracted from experiments (dots) and computed using the analytical model (lines) as 
a function of input power.  (F) 3D plot of the surface temperature as function of device 
size and interconnect thickness, at a constant heat flux of 400 W/cm2. 
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Figure 5.23 
 
Temperature distribution for (A) a macro-size LED (i.e. 1 x 1 mm2), and (B) an array of 
100 µ-ILEDs (i.e. 100 x 100 m2) at a spacing of 2mm.  (C) µ-ILEDs surface 
temperature versus spacing for an array of 100 µ-ILEDs.  (D) A plot from analytical 
results on the surface temperature as function of LED size up to 1 x 1 mm2. 
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Figure 5.24 
Emission spectra of white µ-ILEDs with phosphor layer thickness of 60 µm, 80 µm, and 
105 µm. 
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Figure 5.25 
 
Color chromaticity plotted on a CIE 1931 color space diagram for µ-ILEDs integrated with 
phosphors with thicknesses of 60 µm, 80 µm, and 105 µm. 
  
161 
 
 
Figure 5.26 
 
Optical images of a fully interconnected array of µ-ILEDs (A) without phosphor, (B) with a 
laminated film of encapsulated YAG:Ce phosphor islands (500 x 500 µm2), and (C) with a 
laminated diffuser film. 
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CHAPTER 6 
 
CONCLUSION AND OUTLOOK 
 
 
Single crystal silicon membranes generated from wafer-scale source materials or 
CVD-grown random network of single-walled carbon nanotubes (SWNT) provide a 
relatively easy path to high performance transistors and integrated circuits on flexible 
plastic substrates.  In chapter 2, strategies to designing various analog and digital circuits 
using these materials as active components are proposed and discussed.  Results suggest 
that these materials can be integrated into complex circuits and exhibit higher performance 
factors on plastic substrate than those achieved by other means, such as organic 
semiconductors.  In chapter 3, use of self-assembled nanodielectrics (SAND) formed in 
room temperature as a gate dielectric material for printed microstructured silicon TFT is 
investigated.  Results demonstrate that the combination of single-crystalline silicon 
nanomembranes and self-assembled nanodielectrics provides an important route to 
mechanically flexible, high performance, and low-voltage digital ICs on plastic substrates 
with exceptional electrical properties.  Furthermore, a novel fabrication strategy to 
develop releasable fully-formed µs-Si MOSFET with thermally grown SiO2 as a gate 
dielectric material and as a passivation layer is demonstrated with improved electrical 
properties.  The ideas presented here enable integration of high quality, distributed silicon 
electronics with thermal oxide dielectrics on plastic substrates that are incompatible with 
critical steps (e.g. thermal oxidation and many others) in conventional semiconductor 
manufacturing.  A key feature is that, except for interconnection, the device fabrication 
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steps are completely separated from the target substrate (i.e. plastic substrate).  Also, the 
bottom surfaces of the devices are passivated with thermal oxide, thereby minimizing any 
influence of the substrate on their performance.  The chapter 4 examines the piezoresistive 
properties of microstructured silicon nanomembranes and presents a unique route to 
flexible, strain mapping system on plastic substrates.  Mechanical and electrical 
measurements show good stability and high sensitivity, well suited for many applications in 
structural health monitoring and others. Extensions of these ideas can be used with 
stretchable or curvilinear substrates, to address demanding requirements in strain mapping 
in biomedical applications.  Lastly in chapter 5, the strategies incorporate advanced ideas 
in etching to release thin devices, self-aligned photo-exposures to form metal features that 
serve simultaneously as electrical interconnects and thermal heat spreaders, a novel process 
to fabricate flexible and stretchable µ-ILED array, and module designs that include thin, 
patterned phosphors with film diffusers.  This collection of procedures, combined with 
analytical models of heat flow, create new design opportunities in solid state lighting.  
Although all of these processes were combined to yield integrated systems, each can be 
implemented separately and matched to existing techniques for certain steps, to add new 
capabilities to otherwise conventional module designs. 
By incorporating various materials and design strategies reported here, complex 
matrix of electrical, mechanical, and optical sensing systems could be implemented on 
various fields in science where conventional electronic systems is generally perceived to be 
incompatible.  One application is bio-implantable electronics.  These days, an array of 
electrodes is typically used to extract the body potential on various locations.  By forming 
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the complex matrix of sensing systems on mechanically compliant substrates (e.g. low 
modulus elastomer, or bio-degradable polymer), various new information about our body 
could be acquired.  Furthermore, in fields of engineering, these systems can also be 
implanted in various types of structures (e.g. aircrafts, clothes, automobiles, and etc) in 
non-invasive ways (i.e. thin-film tapes) to make them “smarter” by incorporating various 
functions to the system.  In order to do that, the process must be carried out in automated 
environments (e.g. production line), which still remains to be seen. 
 
